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Abstract
Two-dimensional (2D) materials encompass a diverse array of properties from the metallic-like
character of graphene to the semiconducting nature of many of the transition metal
dichalcogenides (TMDCs) such as tungsten diselenide (WSe2). These materials exhibit intriguing
interactions with incoming radiation which makes them interesting for electronics and
optoelectronics, especially given the high electron mobility and the ballistic nature of the
electronic transport under certain conditions. In particular, the semiconducting TMDCs, such as
WSe2, express an indirect-to-direct optical transition with scaling from the bulk to monolayers.
Despite the enhanced optical absorption characteristics of monolayer WSe2 stemming from its
direct band gap, the optical absorption is nonetheless weakened to some extent, given the ultrathin nature of the monolayer structures, which compromises the performance of photodetectors,
by often reducing photoresponsivity and detectivity. On the other hand, zero-dimensional (0D)
materials, such as fullerenes, endohedrals, gold nanoparticles and quantum dots often show
superb light absorption characteristics over a wide range of incoming wavelengths, despite
exhibiting poorer electronic transport characteristics. In this work, we have developed techniques
to fabricate two-terminal structures of graphene and WSe2, where these materials have been
integrated with 0D structures for the realization of hybrid 0D-2D molecular assemblies that
synergistically leverage the positive attributes of each for optoelectronics. A combination of
mechanical exfoliation and chemical vapor deposition was used to realize few-layer graphene
and monolayer WSe2 on SiO2/Si substrates, respectively, where metal electrodes were deposited
as electrical contacts. The hybrid molecular assemblies were characterized using Raman,
Photoluminescence and Optical Absorption Spectroscopy, and Scanning Electron and Atomic
Force Microscopy. Electronic and optoelectronic measurements were conducted before and after
attachment of the 0D ensembles over a wide range of temperatures to explore the photo-induced
charge transport in the structures. Such measurements have demonstrated the enhancement in the
optoelectronic properties for the hybrid assemblies. The high photocurrent is attributed to the
vi

doping enhancement arising in 2D materials with the adsorption of fullerenes and endohedrals.
For graphene-based hybrid structures, the high gain originates from the continuous hole doping
in graphene. The holes in graphene move faster and can circulate multiple times through the
circuit, giving a large photocurrent. In case of WSe2-based hybrid structures, the doping depends
upon the PL intensity and the Coulomb interactions between the three-body system consisting of
the excitons, positive trions, and negative trions. The PL intensity of monolayer WSe2 is
enhanced drastically because of the reduction of the positive trion and enhancement of the
neutral exciton formations through electron transfer from the 0D material. The measured
responsivity for the graphene-fullerene hybrid was found to be 10 times higher compared to
graphene-TMDC based hybrid structures; for WSe2-Sc3N@C80 hybrids, the responsivity was 102
times high compared to the bare WSe2 structure over a broad wavelength range from 400-1100
nm when Sc3N@C80 molecules were deposited on its surface. This work serves as a pivotal
stepping-stone for future studies to explore the immense possibilities arising from 0D-2D hybrid
structures for photodetector applications.
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Chapter 1. Overview of Two-dimensional and Zero-dimensional Materials
The field of nanotechnology has received great excitement and attention in the past few decades.
As we enter the era of functional scaling where the cross-roads of Moore-Moore and More-ThanMoore meet, the search for new devices and their enabling materials comes to the forefront of
technology research. Breakthroughs in the imaging of matter at small scale resulted in the
discovery of buckyballs, which is said to have propelled nanoscience to the center stage.1 Also,
two-dimensional (2D) crystals provide very interesting form-factors with respect to traditional
three-dimensional (3D) crystals (bulk, Si, and III-V semiconductors). In this elegant 2D and 0D
form, electronic structure, mechanical flexibility, defect formation, and electronic and optical
sensitivity become dramatically different.
1.1 TWO-DIMENSIONAL MATERIALS
A 2D-material is basically formed as a regular network in two dimensions, not extending in the
third dimension. It is a monolayer-type of material, where monolayer should be understood as
upto a few monolayers. The most known 2D-material is “graphene”,2 a crystalline monolayer of
carbon atoms arranged in a hexagonal honeycomb lattice structure. Graphene is a prominent
example of a semi-metal. Graphene has numerous applications in novel electronic devices such
as transistor,3–5 integrated circuits,6,7 sensors,8 optical devices,9,10 solar cells,11 flexible
electronics,12–15 and spintronic devices, thereby integrating them into a new generation of
nanodevices as heterostructures.16–18
1.2 GRAPHENE
In 2010, the Nobel committee awarded the Prize in Physics to Andre Geim and Konstantin
Novoselov “for ground breaking experiments regarding the 2D material graphene.2,19–23
Graphene is made of sp2 hybridized carbon atoms arranged in a hexagonal honeycomb lattice
shown in Figure 1.1 (a). The sp2 hybridization exists between carbon atoms within each layer
and weaker van der Walls interaction between these hexagonal carbon sheets24 as shown in
1

Figure 1.1 (b), which has attracted a lot of attention because of its unique electrical properties
such as very high carrier mobility,25 the Quantum hall effect at room temperature, ambipolar
electric field effects along with ballistic conduction of charge carriers.23,26,27 These unique
nanostructures hold great promise for potential applications in nanoelectronics, photonics, energy
harvesting and storage, composites, sensors and other related energy devices8,12,26,28–30 as shown
in Figure 1.2. In addition to its unique properties, it should be highlighted that graphene is only
the beginning of an emerging 2D materials family.

Figure 1.1: (a) Graphene structure, the carbon atoms are densely packed in a regular atomicscale in hexagonal pattern. (b) Stacking of graphene layers and weak van der Walls interaction.31
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Figure 1.2: Applications of graphene-based electronic devices ranging from gas sensors to
chemical sensors, photonic devices, composites, energy, touch panels and high frequency
electronics.32
1.2.1 Exfoliation and Transfer Techniques
For a long time, graphene, was considered thermodynamically unstable. Its isolation on a SiO2
substrate and identification using optical interference contrast triggered the search for techniques
of producing graphene by different means such as mechanical exfoliation using scotch tape,24
chemical exfoliation,33,34 chemical synthesis,35 and chemical vapor deposition (CVD).36 The
isolation of a single layer of graphene from a graphite surface using scotch tape method results in
high quality pristine graphene, but the size and yield of single layer graphene still remains a
bottleneck in this process.
3

Figure 1.3: Optical micrograph of single and few layer graphene on SiO2 substrate.
The state of the art in production technique is discussed below. The mechanical
exfoliation technique involves the repeated peeling of layers of graphite. This is a top-down
technique in nanotechnology, by which a longitudinal or transverse stress is created on the
surface of the layered structure materials. An adhesive tape is used to peel off layers from the
surface of HOPG (highly oriented pyrolytic graphite) and subsequent peeling eventually leads to
a single layer of graphite on the surface of a substrate like silicon oxide. Single layers of sizes up
to 10 µm in size and thicker multilayer films (two or more layers) of around 100 µm have been
reported.24 These sheets are visible under an optical microscope shown in Figure 1.3 due to an
optical interference contrast. This method although very crude has proven to be very reliable and
has been used for various investigation.23,37 However, the yield of single layers obtained by this
technique is very low (a few graphene monolayers per mm2 of substrate area). Research on
improving the yield of exfoliated single layers of 2D materials have led to many variants of the
exfoliation technique.38,39 An example is viscoelastic transfer method onto a poly-dimethyl
siloxane (PDMS) stamp.40,41 This technique, follows the same principle as tape exfoliation, but
provides the advantage of controlled placement of the sheets. This will be explored in Section
2.4 and 3.4.
4

Figure 1.4: Schematic representation of CVD furnace. The gases CH4, Ar and H2 are used for
the synthesis of graphene using CVD. The MFCs are used to control the flow of these gases, and
are attached using a needle valve. The Cu foil substarte is used to deposit graphene and loaded
into the quartz tube which is connected to an ultra-high vacuum pump (few mTorr). The chiller
is used to cool the flanges of the furnace when heated at high temperatures in order prevent Orings from getting damaged.

Figure 1.5: Growth process in CVD graphene. The red hexagons are used to symbolize the
active sites of the Cu surface, and blue spots signify active C-atom species. The active C-atom
species from the dissociated CH4 nucleate on the active sites of the Cu surface to initialize the
graphene growth.42
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1.2.2 Chemical Vapor Deposition
Bottom-up method such as Chemical Vapor Deposition (CVD) is a technique of thin film growth
in which the source material is vaporized at high temperatures, and condenses on a substrate at a
lower temperature region. CVD is often conducted in a tube furnace. There are a few processes
involved in CVD, namely: 1) vaporization of source materials, 2) transport of source materials
(in the direction of flow of carrier gas) towards the substrate, 3) adsorption on the substrate
surface, 4) nucleation on substrate surface followed by surface processes such as diffusion and
reaction of adsorbed species with each other, and 5) desorption of adsorbed species into main gas
stream.43

Figure 1.6: Transfer process of graphene on SiO2 substrate using PMMA and Cu etchant
solution. PMMA acts as a flexible frame to hold the PMMA-graphene film. The Cu foil is etched
while the PMMA-graphene film is floated over the solution.
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Heating a gas flow containing a carbon (C) based gas species, typically hydrocarbons,
such as Methane (CH4), to temperatures of ≈ 300°C – 1100°C has resulted in successful CVD of
graphene on Cu foil.36,42,44 A common CVD system set-up is a hot walled tube furnace, as shown
in Figure 1.4. The detailed procedure is discussed in Appendix III. Methane (CH4), Argon (Ar)
and Hydrogen (H2) are used for the synthesis of graphene using CVD. The mass flow controllers
(MFCs) are used to control the flow of these gases, and are attached using a needle valve. The
Cu foil was loaded into the quartz tube and an ultra-high vacuum pump (few mTorr) is connected
to the furnace. The chiller was used to cool the flanges of the furnace when heated at high
temperatures in order prevent O-rings from getting damaged. The whole system is automated and
connected to a desktop to control all the parameters such as flow of gasses, temperature of
furnace, etc.
Table 1.1: Important CVD growth parameters for high quality graphene
S.No.

Parameters

Remarks

1.

Gas Flow

Carbon content, H2

2.

Gas purity

O2 content

3.

Temperature

High (>600 °C)

4.

Pressure

High crystal quality (APCVD, LPCVD)

5.

Position of the sample

Near vacuum

6.

Substrate

Cu foil purity, surface

7.

Growth Atmosphere

No contamination, tube

8.

Cooling type

Slow, fast, very fast

Figure 1.5 and 1.6 shows the growth and transfer process for CVD graphene. For the
growth process first adsorption and de-absorption of hydrocarbon (CH4) molecules on Cu foil
takes place followed by the decomposition of hydrocarbons to form C atoms. Then aggregation
of carbon atoms takes place on Cu surface to form graphene nucleation center by diffusion and
7

an attachment of carbon atoms to form graphene. For the transfer of graphene on arbitrary
substrate, the Cu foil is spin coated with Poly (methyl methacrylate) (PMMA). Then the coated
Cu foil is treated with Cu etchant solution. After sometime the Cu foil etches and
PMMA/graphene membrane floats on the surface and then it is transferred on to the target
substrate. To remove PMMA from graphene, PMMA-graphene is dissolved in acetone followed
by baking of the substrate. Table 1.1 shows important parameters needs to be kept to obtain high
quality graphene.

Figure 1.7: SEM image of high-purity gas assisted growth in graphene showing the grain
formation during graphene growth. The growth time of about 5-10 min is not enough for the
grain formation and results in amorphous film. The growth time should be atleast 15-30 min for
the formation of graphene crystal.45
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Figure 1.8: (a) Low-purity gas assisted growth in graphene. (b)-(d) Cu foil etching and
formation of amorphous carbon at different time intervals. The etching of the Cu foil with the
formation of amorphous layer is due to high content of O2 and H2O (>1 ppm) in the gases used to
synthesize graphene confirmed by SEM measurements as a function of growth time.
1. Gas flow: For the synthesis of single layer graphene domain, gas flow is necessary to control
the number of layers. The H2 gas help to reduce the Cu foil substrate, Ar gas prevents
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unwanted phase reactions and thus helps in cooling of the chamber. The flow of CH4 gas
should be optimized so that there is uniformity in graphene on the substrate.
2. Gas purity: The purity of the gas is important for large size single crystal graphene domains.
For this research grade CH4 (99.999% purity, Matheson) as the carbon feedstock and
ultrahigh purity H2 (99.999%, Matheson) as the reduction gas. These should not be
substituted with lower purity gases. The oxygen and water content in the gases should be < 1
ppm.46
3. Temperature: Due to strong C-H bond in CH4 molecule (440 KJ/mole), the thermal
decomposition occurs at high temperatures, thus temperature more than 600 ºC is required to
break C-H bond.
4. Pressure: Low pressure CVD is used to prevent the furnace from contamination.
5. Position of the sample: In this case, it was found the position of the sample should be near
vacuum in order to obtain graphene.
6. Substrate: Graphene growth morphology is heavily dependent upon the growth substrate,
with the grain orientation, grain size, and grain boundary density. The surface of the substrate
should be flat. Grain boundaries are necessary which provide high activation energy to form
nucleation centers. The pre-treatment of with acids makes copper (Cu) foil surface rough.
The substrate cleaning is necessary to avoid effect

of uncertain material on graphene

growth.47 In our case, we used ultra-high purity copper foil (99.9999%, Alfa Aesar, 100µm)
to avoid minimize the impurity present on the surface of substrate.
7. Cooling type: The cooling type should be fast in order to obtain defect and wrinkle free
graphene.48
Figure 1.7 and 1.8 shows the high and low purity gas assisted growth in graphene. The
growth time is necessary to control the number of layers in graphene. For example, if the growth
time is 5 to 10 min then amorphous carbon layer is formed on the Cu foil substrate with no grain
formation.49 When the growth time allowed between 15 to 30 min the grain formation takes
place at Cu foil substrate and thus, the graphene film is formed.46 However, in our case we found
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that low purity gas assisted growth in graphene, when the growth time was around 10 min the
amorphous carbon layer formation takes place with very little Cu foil etching. If we increase the
growth time by 20 min again we found the formation of amorphous carbon layer with Cu foil
etching. Also, we found that when the growth time was around 30 min, deep Cu foil etching was
seen with formation of amorphous carbon layer. The amorphous films was confirmed using
Raman measurements with peak intensities at 1391 and 1581 cm-1.50 It was observed that the Cu
foil etching and formation of amorphous layer was taking place due to high content of oxygen
and water (>1 ppm) in the gases that were used to synthesize graphene. Thereby it was found that
graphene synthesis is difficult if low purity gases are being used and these should be substituted
with high purity gases.
1.3 TRANSITION METAL DICHALCOGENIDES (TMDCS)

Figure 1.9: Monolayers (room temperature in air) are shaded blue; those probably stable in air
are shaded green; and those unstable in air but that may be stable in inert atmosphere are shaded
pink. Grey shading indicates 3D-compounds that have been successfully exfoliated down to
monolayers.51
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Figure 1.10: Structure of WSe2. (a) Side view. (b) Top view. The WSe2 possesses a hexagonal
crystal structure and each WSe2 monolayer contains an individual layer of W atoms with 6-fold
coordination symmetry, which is hexagonally packed between two trigonal atomic layers of Se
atom.52
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After the discovery of graphene, many researchers would not realize that more than a
dozen 2D materials can be isolated and studied in less than 10 years. Progress in graphene
research had a spillover effect by way of leading to an interest in other 2D-materials like for
example metal nitrides and carbides. The 2D-nanostructures are one of the greatest widely
studied materials because of the unique physical singularities that happen when heat transport
and charge is confirmed to a plane. Due to the unique properties, 2D-nanostructures are
anticipated to have an important influence on a huge diversity of applications, extending from
high performance sensors, electronics to gas separation or storage, catalysis, inert coatings and
support membranes, etc.
The 2D-materials family includes not just carbon material but also transition metal
dichalcogenides (TMDCs) of type MX2 (M: transition metal, and X: chalcogen such as sulfur or
selenium), and layered metal oxides shown in Figure 1.9.53–55 One of the most promising
applications is in electronic devices.5,16,41,56 With respect to the electrical properties, one can
fabricate a new generation of superconductors, metallic materials, semimetals, semiconductors,
insulators from the 2D materials. Even though graphene is the last one to be isolated in the
carbon materials family, it serves as the building block for other family members with different
dimensionalities. In particular, single layers of TMDCs have attracted notable attention because
of their diverse properties and natural abundance.16,41,55
1.3.1 Tungsten Diselenide (WSe2)
Tungsten diselenide (WSe2) has been reported as a black or grey odorless material with good
stability. The WSe2 is a naturally occurring metal selenide with intriguing electronic,
electrochemical and electrocatalytic properties, formed by 2D covalently bonded Se–W–Se
layers separated by a van der Waals gap. The WSe2 possesses a hexagonal crystal structure with
space group P63/mmc and each WSe2 monolayer contains an individual layer of W atoms with
6-fold coordination symmetry, which is hexagonally packed between two trigonal atomic layers
of Se atoms shown in Figure 1.10 with a bond length of 0.2526 nm, and 0.334 nm distance
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between Se atoms. The WSe2 is an important member of the TMDC family due to its smaller
effective electron and hole masses compared to most of the other TMDCs,57 and more
importantly due to its ambipolar characteristics.58 The small effective mass implies high
carrier mobilities. The hole mobility of WSe 2 is reported to reach 500 cm2/V-s at room
temperature and 2.1 × 10 3 cm2/V-s at 5 K.59,60
Electrical properties of WSe2 including quantum oscillations, carrier mobilities,
contacts, and polarity controls, have been studied and various electronic devices based on
WSe2, including metal-oxide field-effect transistors (MOSFETs), tunneling devices, bipolar
transistors, and integrated circuits, have been demonstrated.61–64 However, most of these
studies focus on exfoliated WSe 2 flakes. WSe2 has been identified as an important narrow band
gap semiconductor. When in its bulk form, it has an indirect band gap in the near-infrared
frequency range (~1.21 eV)65 characterized by the jump between valence band maximum at the
Γ point and the conduction band minimum in middle of the Γ-Κ band. However, when thinned
down to a 2D monolayer, the band gap transits into a direct band gap (~1.64 eV) in the visible
region of the electromagnetic spectra66 characterized by the jump in the K point of the Brillouin
zone. This is due to the quantum confinement effect.67 The direct band gap of monolayer WSe2
allows for more effective electron-hole pair generation under photoexcitation, leading to
enhanced photoluminescence. This makes monolayer WSe2 attractive for optoelectronic device
applications. For practical applications, synthesis of large area WSe 2 with controllable layer
thickness and quality is essential. There are several recent reports on the growth of thin
WSe2 using CVD.68–70 However, study of the electrical transport of CVD grown WSe 2 is still
lacking.
For synthesis of 2D TMDCs using CVD, the solid precursors (tungsten oxide and
selenide) heated to high temperatures are vaporized and deposited on nearby substrates. CVD
growth has been shown to produce high quality and large area TMDC films. There are many
methods for CVD formation of TMDC films, such as the direct sulphurisation or selenisation of
the transition metal film and the vaporization of metal oxide and chalcogen powders followed by
14

their deposition on substrates.68,71,72 The growth of the 2D TMDCs is largely influenced by the
concentration and/or amount of precursors used, as well as the temperature and the pressure
conditions in the furnace. We use the halide-assisted growth method for CVD WSe2 as described
elsewhere.73
1.4 ZERO-DIMENSIONAL MATERIALS
A major feature that discriminates various types of nanostructures is their dimensionality. In the
past 10 years, significant progress has been made in the field of zero-dimensional (0D) materials.
A rich variety of physical and chemical methods have been developed for fabricating 0D
materials with well-controlled dimensions. Recently, 0D materials such as uniform particles
arrays (quantum dots), heterogeneous particles arrays, core-shell quantum dots, fullerenes and
nanolenses have been synthesized by several research groups.74–76 Moreover, 0D materials, has
been extensively studied in light emitting diodes (LEDs), solar cells, single-electron transistors,
and lasers.75,77,78
1.4.1 Fullerene, C60
The discovery of C60 by Kroto, Smalley and Curl in 1985 initiated a vastly expanding research
field.79 They gave C60 its more popular name of buckminsterfullerene or in short ‘buckyball’
after the architect Buckminster Fuller whose designs resemble the structure of the fullerenes. The
definite breakthrough, that started off fullerene chemistry, was accomplished by Krätschmer and
Huffman when they isolated solid C60.80,81 Fullerenes are spherical, all carbon structures
consisting of pentagons and hexagons. The Euler Theorem states that in order to close a sphere
of n hexagons, 12 pentagons are required. Consequently all fullerenes, independent of their size,
contain 12 pentagons. These pentagons, furthermore, have to be completely surrounded by
hexagons (for energetic reasons), thus fulfilling the Isolated Pentagon Rule (IPR).82 The
definition of a fullerene therefore is: “a spherical, all carbon, structure consisting of 12 pentagons
which are completely surrounded by n hexagons”. The C60 is the smallest, stable, fullerene
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obeying this rule. Fullerenes consisting of more carbon atoms (higher fullerenes) are also
possible83–85 and are becoming increasingly popular in scientific research.

Figure 1.11: A C60 molecule. The structure consists of 12 pentagons which are completely
surrounded by 20 hexagons. The 6:6 ring bonds (between two hexagons) are “double bonds” and
are shorter than the 6:5 bonds (between a hexagon and a pentagon).86
Fullerene, C60 is a closed-cage molecule consisting of sixty carbon atoms. The molecular
structure can be described as a truncated icosahedron, with 12 pentagonal and 20 hexagonal
faces as shown in Figure 1.11. The construction of a C60 cage is similar to one of the
architectural projects by Richard Buckminster Fuller (A geodesic dome, The Montreal
Biosphére, formerly the American Pavilion of Expo 67).87 The resemblance was acknowledged
when naming the newly discovered molecule, and led to common use of names such as a
buckminsterfullerene, a buckyball or simply a C60 fullerene (the latter being most popular).
The C60 molecules for the first time were synthesized using a powerful laser to ablate
graphite into He carrier gas (a method proposed by R.E. Smalley, and capable of vaporizing and
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producing nanosized clusters of virtually any material). The carbon vapor was cooled, partially
starting to condense and expanded into a vacuum in a supersonic molecular beam. The produced
carbon clusters were ionized and studied by mass spectrometry. A peak at sixty-atom cluster size
which is stronger than peaks for neighboring sized clusters provided evidence that there exists a
stable structure consisting of exactly sixty carbon atoms. It was postulated that the newly
discovered molecule was a closed cage structure, hollow inside. Carbon bonds on a C 60 molecule
belonging to pentagons are single bonds, and the bonds shared between two hexagons are double
bonds. Therefore, all four valence electrons of each C atom are involved in the creation of
covalent bonding. A fullerene might be regarded as a spherically shaped graphene sheet, where
the carbon bonds are very similar to the bonds in planar graphite (sp2 hybridization). However,
the curvature of the fullerene surface leads to a more distortion of the bonding character in the
direction of sp3 type hybridization (as in diamond).
The C60 can be synthesized by various methods, usually involving creation of a hot
carbon plasma. A carbon-rich vapor is obtained by resistive heating of carbon rods in vacuum,
laser ablation of graphite, arc discharge or by other methods. The yield depends on the method
used and the resulting material needs to be further purified to extract C60 from the rest of the
reaction products. The details of various synthesis and purification processes were described
elsewhere76 and will not be presented here. It is worth mentioning, however, that the
experimental research on fullerenes was greatly broadened after the new method of production
was proposed by Krätschmer et al. in 1990,88 and it became possible to produce C60 in
considerable quantities. Fullerene and its derivatives represent an important family of n-type
semiconductors for various electronic applications which exhibit exceptionally good
photoconductive properties.89–92 Also, C60 has been explored as alternatives to inorganic
semiconductors and possess various optoelectronic properties and applications as an electronacceptor in organic photovoltaic cells.93 Because of the presence of π-conjugation, they exhibit
high electron affinity and strong carrier transport ability, thereby acting as excellent electronic
materials and acceptors in organic photovoltaic (OPV) devices. In the field of organic field effect
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transistors (OFETs) and organic solar cells (OSCs), [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM) and its corresponding C70 derivative PC71BM are widely used and represent an
important class of organic semiconductors.77,94,95
1.4.2 Endohedrals
1.4.2.1 Sc3N@C80
The homologous series of fullerenes is continued with the discovery of smaller and higher
fullerenes: constituted of 28 to hundreds of carbon atoms. Soon afterwards, the same Kroto
research team found that when their carbon target was impregnated with a metal such as
lanthanum, mass spectra showed that the masses of stable C60 and C70 fullerenes each increased
by the mass of one La atom.96 Again, Kroto and coworkers correctly surmised that the La atom
was trapped inside the C60 and C70 fullerenes, forming the first endohedral (simply meaning
‘inside solid’) fullerene complex. After Krätschmer and Huffman verified the structure of
spherical shape of C60 by X-ray crystallography,88 laboratories around the world copied the
design of their arc reactor and new fullerenes began to be discovered at a rapid pace. In 1999,
Dorn and coworkers at Virginia Tech serendipitously discovered that when a small amount of dinitrogen gas was leaked into a helium atmosphere in a Krätschmer-Huffman (K-H) arc reactor in
which the anode contained Sc, the main product was a C80 fullerene inside of which resided a
nitrogen bound to three scandium metal.97 This new fullerene with the biggest endohedral cluster
to date had properties never before seen in an endohedral complex. X-ray crystallography
showed that the C80 cage had icosahedral, Ih, symmetry, which for empty C80 was the least
thermodynamically stable of all the seven IPR cage isomers due to its open shell electronic
configuration shown in Figure 1.12. IPR, an abbreviation for ‘Isolated Pentagon Rule,’ is a
general characteristic of stable fullerene cages in which each five-membered ring is bounded on
each side by hexagons.
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Figure 1.12: Representation of Sc3N@Ih-C80 contain a planar triangular nitride Sc3N cluster with
its C3 rotation axis coinciding with that of the Ih symmetry C80 cage.98
In addition, the Sc3N endohedral cluster had never before been synthesized or isolated by
itself because of its inherent instability. The almost symbiotic existence between the cluster and
cage was found to be due to the largest charge transfer in any endohedral complex-six electrons
donated from the cluster to the cage that fill the highest occupied molecular orbital (HOMO) of
the latter-resulting in a complex with formal charges represented by [Sc3N6+@C806-].99 The
complete known family of the scandium-containing trimetallic nitride endohedral fullerenes is
represented by Sc3N@C68, Sc3N@C78, and Sc3N@C80, and their synthesis, structure, and
reactivity is described extensively in the literature. Two other unique scandium-containing
clusterfullerene variations are the scandium carbide fullerene family, Sc2C2@C2n and
Sc3C2@C2n. Other metals have been substituted for Sc, forming various families of M3N@C2n
reported in the literature, with the larger metals preferentially templating larger cages than C80, as
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for scandium. These families are as follows: Y3N@C2n; Er3N@C2n; Lu3N@C2n; Tb3N@C2n;
Ho3N@C2n; Dy3N@C2n; Gd3N@C2n; Nd3N@C2n; Pr3N@C2n; and Ce3N@C2n. Even mixed-metal
nitride endohedral fullerene families have been synthesized and studied.83–85,97,98,100
1.4.2.2 La@C82

Figure 1.13: Representation of La@C82. The metal La is not located in the center but sits closely to
along the C2-axis.101
The endohedral La@C82 is the first isolated and the most studied endohedral
metallofullerene (MEF).101 Such structures have been treated as a special type of a closed
intercalation compound characterized by a doping process in which the electron transfer from the
encaged metal ions to the carbon structure occurs. The charge separation in the form of
La3+@C823- results in nondissociating salts. Figure 1.13 shows the structure of La@C82. Besides
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these monometallofullerenes which have been isolated as the first endohedral structures, noble
gases from He to Kr and nonmetal atoms like N and P also have been incorporated.83
The study of metallofullerenes with different sizes, structures, and compositions is important to
the understanding of their structures, the propensity of their formation in the arc-discharge
synthesis, and the factors that determine their stability. Therefore, boosting the production yield
of these metallofullerenes becomes a key issue. Although the availability of new
chromatographic methods has helped to overcome the problem of separation of MEF to a
substantial extent,102 their production is still very difficult and the material quantities are often in
a sub-milligram range. For these reasons properties of MEF have not yet been investigated. Of
particular interest are the bonding and dynamics of metal atoms inside the fullerene
cages.97,100,103,104 However, not much information is available for the MEFs.
The discovery of these large endohedral cluster fullerenes signaled a significant turning
point in fullerene research since from 1999 until now, due to its availability from high synthetic
yields and interest in its novel chemical and electronic properties, the M3N@C2n families have
received by far the most attention of any class of endohedral fullerene compounds. These
endohedrals, unlike C60 are also used as electron accepting layer in OPV to enhance the power
conversion efficiencies, thereby reducing energy losses in the charge transfer process in
comparison to fullerene C60 and its derivatives.105–107 For this work, endohedral Sc3N@C80 and
La@C82 were used, not because of its simplicity, and high yield, but because of its stability. The
large increase in stability from the charge transfer, made Sc3N@C80 and la@C82 the most
thermodynamically, and thus, chemically stable of all the fullerenes, empty or filled.100,108
1.4.3 Gold Nanoparticle
Gold is one of the first metals to have been discovered; the history of its study and application
spans at least several thousand years. The first data on colloidal gold can be found in treatises by
Chinese, Arabian, and Indian scientists, who managed to obtain colloidal gold as early as in the
V–IV centuries BC. They utilized it for medicinal purposes (Chinese “golden solution” and
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Indian “liquid gold”), amongst other uses. It contains data on how to obtain colloidal gold and its
application in medicine, including practical advice. The range of gold nanoparticle (AuNP) use
in modern medical and biology studies is extremely wide. In particular, it comprises genomics,
biosensorics, immunoanalysis, clinical

chemistry, detection and

photothermolysis

of

microorganisms and cancer cells; the targeted delivery of drugs, DNA and antigens; optical
bioimaging and the monitoring of cells and tissues using modern registration systems. It has been
argued that gold nanoparticles could be used in almost all medical applications: diagnostics,
therapy, prevention, and hygiene.109 The broad range of applications for AuNP is based on their
unique physical and chemical properties. In particular, the optical properties of AuNP are
determined by their plasmon resonance,110 which is associated with the collective excitation of
conduction electrons and localized in the broad region, from the visible to the infrared (IR)
region, depending on the particle size, shape, and structure.111,112
1.4.4 Quantum Dots
Quantum dots (QDs) were discovered in solids (glass crystals) in 1980 by Russian
physicist Alexei Ekimov while working at the Vavilov State Optical Institute. In late 1982,
American chemist Louis E. Brus, then working at Bell Laboratories (and now a professor at
Columbia University), discovered the same phenomenon in colloidal solutions (where small
particles of one substance are dispersed throughout another; milk is a familiar example). He
discovered that the wavelength of light emitted or absorbed by a quantum dot changed over a
period of days as the crystal grew, and concluded that the confinement of electrons was giving
the particle quantum properties. These two scientists shared the Optical Society of America's
2006 R.W. Wood Prize for their pioneering work.
The QDs gets its name because it is a tiny speck of matter so small that it is effectively
concentrated into a single point (0D). As a result, the particles inside it that carry electricity
(electrons and holes, which are places that are missing electrons) are trapped and have welldefined energy levels. They are made from a semiconductor such as silicon (a material that is
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neither really a conductor nor an insulator, but can be chemically treated so it behaves like
either). The QDs have quantized energy levels, but dots made from the same material (for
example, silicon) will give out different colors of light depending on how big they are. The
biggest quantum dots produce the longest wavelengths (and lowest frequencies), while the
smallest dots make shorter wavelengths (and higher frequencies). In practice, it means big dots
make red light and small dots make blue, with intermediate-sized dots producing green light (and
the familiar spectrum of other colors too). The explanation for this is fairly simple. A small dot
has a bigger band gap (crudely speaking, that is the minimum energy it takes to free electrons so
they'll carry electricity through a material), so it takes more energy to excite it; because the
frequency of emitted light is proportional to the energy, smaller dots with higher energy produce
higher frequencies (and shorter wavelengths). Larger dots have more (and more closely) spaced
energy levels, so they give out lower frequencies (and longer wavelengths).113
The QDs have attracted most interest because of their interesting optical properties.44,113–
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They are being used for applications where precise control of colored light is important, for

example, a thin filter made of QDs has been developed so it can be fitted on top of
a fluorescent or LED lamp and convert its light from a blueish color to a warmer, redder, more
attractive shade similar to the light produced by old-fashioned incandescent lamps. In the world
of optics, QDs are being hailed as a breakthrough technology in the development of more
efficient solar cells.89 In a traditional solar cell, photons of sunlight knock electrons out of a
semiconductor into a circuit, making useful electric power, but the efficiency of the process is
quite low. The QDs produce more electrons (or holes) for each photon that strikes them,
potentially offering a boost in efficiency of perhaps 10 % over conventional semiconductors.75
1.5 CHARACTERIZATION TECHNIQUES
1.5.1 Optical Microscopy
The optical microscope used as routine tools in most fields of science and industry, such
as microelectronics, nanoscience, biotechnology and pharmaceutical industry, cell/microbiology
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etc. They are the first low cost, non-destructive characterization technique used when
synthesizing one or few layers 2D materials for the detection of the material. Two important
parameters of this instrument are the depth of focus and resolution. The resolution is the
minimum distance between the object and objective at which the object is still visible, this
parameter is restricted by the diffracted light. The depth of focus is the range of image plane
positions at which the object can be viewed without appearing out of focus. Large depth of focus
and resolution cannot be obtained at the same time. The most common substrate utilized for the
detection of single-layered materials is the silicon with a thin film of silicon dioxide (SiO2/Si).
For this work, AMScope 50X-2500X Optical Microscope ME520TA was used as shown in
Figure 1.14.

Figure 1.14: AMScope 50X-2500X Optical Microscope ME520TA used to identify the
thicknesses of 2D-materials down to a monolayer from their optical contrast.
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1.5.2 Scanning Electron Microscopy
The scanning electron microscope (SEM) is one of the most versatile instruments available for
the examination and analysis of the microstructure morphology and chemical composition
characterizations. Since the discovery that electrons can be deflected by the magnetic field,
electron microscopy has been developed by replacing the light source with high energy electron
beam.116 The SEM can perform analyses of selected point locations on the sample; this approach
is especially useful in qualitatively or semi-quantitatively analysis to determine chemical
compositions (using EDS), crystalline structure, and crystal orientations (using EBSD).

Figure 1.15: Schematic of electron-beam interaction in SEM when the incident electrons from
the beam are decelerated in the solid sample. The signals include secondary electrons, BSE,
diffracted BSE, photons, and visible light. The electron signals are detected by the detector and
then displayed on a video screen, thus forming the corresponding electron image.117
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The basic principle of the SEM is to capture a variety of signals produced by electronsample interactions when the incident electrons from the beam are decelerated in the solid
sample. These signals include secondary electrons (that produce SEM images), backscattered
electrons (BSE), diffracted backscattered electrons, photons (characteristics X-rays that are used
for elemental analysis and continuum X-rays), visible light (cathodeluminescence-CL), and heat
as shown in Figure 1.15. A Hitachi S4800 shown in Figure 1.16 was used for this work to reveal
the external morphology of the 2D and 0D materials hybrid, as SEM analysis is considered to be
"non-destructive", i.e., X-rays generated by electron interactions do not lead to volume loss of
the sample, so it is possible to analyze the same materials repeatedly.118

Figure 1.16: Hitachi S4800 used to analyze the surface morphology of nanostructures by the
generation of electron signals emitted by the incident electron beam and the specimen surface.
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1.5.3 Absorption Spectroscopy
Absorption Spectroscopy measure the amount of energy (in the form of photons of light, and
thus a change in wavelength) absorbed by the sample. It uses light in the visible and adjacent
(near-UV and near-infrared [NIR]) ranges to measure the absorption or reflectance of the
radiation from the material to be analyzed. The basic principle is that molecules containing πelectrons or non-bonding electrons (n-electrons) can absorb the energy in the form of ultraviolet
or visible light to excite these electrons to higher anti-bonding molecular orbitals.

Figure 1.17: Energy diagram showing the absorption and emission of a photon by an atom or a
molecule. The emission of a photon occurs when an electron goes from an higher energy state to
a lower one. The energy lost is emitted as a photon. The absorption occurs when an elctron goes
back to the lower energy state with the absorption of a photon.119
The atoms absorb ultraviolet or visible light and make transitions to higher electronic
energy levels as shown in Figure 1.17. When an atom or molecule absorbs electromagnetic
radiation the number of photons passing through the sample decreases. The measurement of this
decrease in photons, is called absorbance. The Beer-Lambert law states that the absorbance of a
solution is directly proportional to the concentration of the absorbing species in the solution and
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the path length. Thus, for a fixed path length, UV/VIS spectroscopy can be used to determine the
concentration of the absorber in a solution. Concentration measurements are usually determined
from a working curve after calibrating the instrument with standards of known concentration.
Absorption spectroscopy is routinely used to calculate or compare concentrations of dispersed
particles in solutions. UV-Vis spectroscopy is also used in the semiconductor industry to
measure the thickness and optical properties of thin films on a wafer. In this work, a
spectrophotometer Cary 5000 shown in Figure 1.18 was used to measure the quality of
dispersions for fullerenes in organic solvents.83,120

Figure 1.18: Spectrometer Cary 5000, UV-vis-NIR used to measure the quality of dispersions of
solvents by the absorption of the energy in the form of UV or visible light.
1.5.4 Atomic Force Microscopy
The Atomic Force Microscopy (AFM) utilizes a sharp tip with a radius in the nanoscale attached
to a cantilever to scan the surface and obtain a topography of the sample. The displacement of
the cantilever is detected by the deflection of the laser beam as shown in Figure 1.19. The near
field forces that action the tip against the surface are: the short range forces, the forces between
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atoms (due to the overlap of the electron clouds creating attractive or repulsive forces);
electrostatic forces (interaction between the electric charges of the tip and the surface), van der
Waals forces (the force between dipoles of molecules affected by the medium in which the
measurement is done), and capillary forces (resultant from the water vapor condensation between
the tip and the sample).121

Figure 1.19: Schematic of laser beam deflection in AFM. The AFM uses a sharp tip to probe the
surface features by raster scanning to produce a nanometre-resolution topographic map using
contact or tapping mode.122
AFM can be divided in two operational modes, static or dynamic. In static mode (contact
type) the tip touches the surface physically while in dynamic mode (contact or non-contact type)
the cantilever is excited at a certain frequency by a piezoelectric material. The most common
technique is the tapping mode to reduce the damage during the measurement.123 The AFM is
used to measure the thickness of 2D layers with a high resolution.124 Nevertheless, the
dissimilarities of interaction between the tip, the substrate, and the layered materials originate
inconsistencies in the topographic measurements.125 For this work, the images were acquired by
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an AFM Veeco microscope shown in Figure 1.20 at ambient air conditions (relative humidity
~30%) using a silicon tip with k ~ 0.3 N/m (provided by Ted Pella Inc.) in contact mode.

Figure 1.20: AFM Veeco microscope used to generate an accurate topographic map of the
surface features of the sample in contact mode.
1.5.5 Raman Spectroscopy
Raman spectroscopy is a technique to analyze the molecular structure of materials by
their interaction with electromagnetic radiation. It is based on the inelastic scattering of
monochromatic light which is a result of the interaction of the incoming electric field with the
polarizability of the medium. In other words, the Raman spectroscope irradiates the sample with
a laser beam, this incident light couples with the electric field associated with periodic
excitations of the sample. Most of the light is absorbed and a small proportion is scattered at an
inelastic shifted wavelength in Stokes (output energy smaller than input energy) and AntiStokes
(output energy larger than input energy) scattering as shown in Figure 1.21. The difference
between the input and output light provides information of vibrational modes which is unique for
each material.126,127
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Figure 1.21: Light scattering in Raman during material interaction after laser exposure
producing Stokes and Anti-stokes line which are collected by a detector. Photons of light are
focused on the sample through the microscope objective at a defined magnification. When
they interact with chemical bonds within the sample, electrons are excited to virtual energy
levels. These electrons return to the original energy level by emitting a photon of light, known
as elastic or Rayleigh scattering, or it can undergo an energy shift and return at lower (Stokes)
or higher (anti-Stokes) energy levels, known as Raman scattering. Fluorescence can occur
when electrons are excited to electronic energy levels and return to the ground energy level by
emitting a photon of light at a longer wavelength.126
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Figure 1.22: (a) A typical SEM image of monolayer domain with several layers of graphene
regions, after being transferred to SiO2/Si. (b)-(c) The enlarged SEM images of the yellow and
the red circled regions in a respectively, indicating a terraced structure. (d) Raman spectra of
yellow (A), red (B) and blue (C) spots in (c). The yellow spot in (c) displays I2D/IG ~ 3
corresponding to monolayer graphene. The red and blue spots show I2D/IG ~1.2, and, I2D/IG ~ 0.7,
respectively, suggesting increased graphene layers toward the center of the terraced structure.46
The Raman peak frequencies are used to determine the thickness of graphene and
tungsten diselenide (WSe2) since the spectra is thickness dependent.21,66 In case of graphene or
graphite, the spectra exhibit a relatively simple structure characterized by two principle bands
designated as the G (1580 cm-1) and 2D (2700 cm-1) bands (a third band, the D band may also be
apparent in graphene when defects within the carbon lattice are present). There are differences in
the band positions and the band shapes of the G band 2D-bands and the relative intensity of these
bands are also significantly different shown in Figure 1.22. The Raman spectra demonstrate the
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ability to differentiate between single layer graphene and graphite. In other words, Raman is
capable of determining layer thickness at atomic layer resolution for graphene layer thicknesses
of less than four layers. The layers in graphene can be identified by analyzing the peak intensity
ratio of the 2D and G-bands; I2D/IG is 3 for monolayer, for bilayer is 1 and for few-layer is <1.46
The WSe2 Raman spectrum in bulk shows two strong vibration peaks, the in-plane E12g at
248 cm-1 and the out-of-plane A1g at 250 cm-1. The E12g shifts to 135 cm-1 and A1g shits to 247
cm-1 in single-layer as shown in Figure 1.23. The shift-thickness dependency can be a result from
the thermal effect of the incident laser for the measurement that softens the bond. Another
possible reason of this frequency shift is that the atom vibration suppressed as the thickness is
increased because of the interlayer van der Waals interaction.66,128

Figure 1.23: Raman spectrum of WSe2 (1L-4L indicates number of layers). For monolayer (1L)
WSe2, one distinct peak occurs at 250 cm-1. For bulk (4L) WSe2, the two distinct Raman signals
are at 248.0 and 250.8 cm−1.128
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Figure 1.24: Horiba LabRAM HR Evolution integrated with confocal Raman microscope
equipped with XYZ motorized stage, objectives 10X, 50X, 100X, and a multichannel air cooled
CCD detector (spectral resolution <1cm-1, lateral resolution 0.5 µm, axial resolution 2 µm). This
instrument offers advanced techniques for mapping and imaging the samples. The laser of
wavelength 532 nm is mounted on the instrument.
In fullerenes, Raman spectroscopy is used to define vibrational and optical modes which
are related to the charged state of fullerenes to elucidate the properties of these materials.
Vibrational modes of fullerenes are directly related to their structure and symmetry. There are
altogether 180 degrees of freedom (three per atom). Three of those are translations, another 3 are
rotations, and the leftover 174 are the vibrational degrees of freedom. Due to the high symmetry
of the molecule many of those are degenerate in frequency.120,129,130 Thus, Raman Spectroscopy
is a powerful tool to fully characterize 2D and 0D materials. For this work, the Raman data was
obtained using a Horiba LabRAM HR Evolution shown in Figure 1.24, where the excitation
wavelength used was 532 nm. Temperature dependent Raman measurements were also
conducted using liquid nitrogen (LN2) in a THMS600 Linkam System T cell and the set-up is
discussed in more details in Appendix II. The Linkam cell allows for optical studies in a
controlled environment. The stage is made of silver (good thermal conduction), to provide fast
and reliable adjustments to the temperature of a sample, both on heating and cooling. A sample
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should be in a good thermal contact with the stage, therefore only very little material is used in
such studies.
1.5.6 Photoluminescence Spectroscopy
Photoluminescence (PL) occurs in a semiconductor when a photon stimulates an electron from
the valence band to the conduction band. The photon energy must be equal or higher to the
material bandgap. The radiative recombination of the electron-hole pair is preceded by a nonradiative relaxation mechanism which leads to the emission of photons in direct bandgap
semiconductors such as TMDCs.

Figure 1.25: Photoluminescence of WSe2 at 532 nm excitation wavelength. Bulk WSe2 exhibits
an indirect band gap in the near-infrared at 1.2 eV (1.03 nm). The direct A and B excitons have
been reported in the range 1.4-1.8 eV (886-689 nm) and at 2.30 eV (540 nm), respectively. The
prominent photoluminescence of monolayer WSe2 is centered at 1.65 eV (752 nm).128
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Figure 1.26: Electronic and optoelectronic measurements set up using a broadband LED light
source for 2D-photodetector measurements. The computer served to control the frequency and
power of the broadband LED SOLIS-1C via the Thorlabs DC2200 pulse modulator and for data
acquisition (I vs t) from the B1500 Semiconductor Parameter Analyzer.41
On the other hand, in indirect bandgap semiconductors, the emission of a particle requires
additional emission of phonon to conserve momentum where a lower emission rate of photon is
produced.56,131 PL in single-layer WSe2 is another important characteristic. In this material, the
absorption peak is identified at 752 nm shown in Figure 1.25. The peak is generated from the
direct band gap transition due to direct gap hot luminescence.128
1.5.7 Electronic and Optoelectronic Characterizations
Current-voltage (I-V) curves have been used for electronic characterization. The I-V
relationships of electrical components provides insights into how electronic device operates and
can be used to mathematically model its behavior within an electronic circuit. For better
understanding of the device, the device was used as a photodetector because of their simple
structure, and their analysis is an extension of p-n diodes.132 The key figure of merit that is
usually employed is the responsivity ℛ, detectivity D, and external quantum efficiency EQE.
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Figure 1.26 represents the set up for electronic and optoelectronic measurements in our
lab. The measurements was conducted using a Lakeshore CRX-4K probe stage with temperature
control from 5.8 K to 300 K, and a low noise semiconductor parameter analyzer, the Keysight
B1500A. For optoelectronic properties, the photoresponse was measured by illuminating the
device with a white light source (LEDR/4 type illuminator) which has a color temperature of
6500 K. The tunable spectral measurements at temperatures 5.8 K to 300 K were conducted
using a tunable laser source, the Fianium LLFT Contrast from NKT Photonics. Both the
broadband and narrow-band sources were calibrated using the Thorlabs optical power meter
PM100D.
1.6 MOTIVATION AND OBJECTIVE
The family of 2D-materials have emerged as an alternative optoelectronic platform in the world
of electronics.10,32,55 These materials can be assembled into new type of 2D-heterostructures and
have aroused considerable interest in various types of device configurations and mechanisms16,17
due to their exceptional electronic properties, such as high mobility of electrons and holes or
ballistic transport,19 room temperature quantum hall effects,23 and high charge carrier densitythat
were not feasible using bulk semiconductors due to their complex epitaxial process, which
contributes heavily to the overall fabrication cost.133,134 However, the inherent weak optical
absorption of the atomic thickness nanomaterials leads to a low responsivity of photodetectors
based on single 2D-materials.
For enhancing the light utilization efficiency, a promising strategy has been adopted to
employ strongly light-absorbing materials with opposite doping polarity to decorate the channels.
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The built-in field at the channel−sensitizer interface separates the photocarriers. The trapped

carriers in the sensitizer lead to a photogating effect, which efficiently modulates the
conductance of the channels to achieve a current amplification. An ultrahigh responsivity of
∼107 A/W has been reported in hybrid graphene−QD, where QDs and graphene act as the
sensitizer and the channel, respectively.135 However, the gapless graphene caused large dark
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currents, which result in a low sensitivity and high power consumptions.44,112 On the other hand,
0D materials, such as fullerenes, endohedrals, gold nanoparticles and quantum dots often show
superb light absorption characteristics over a range of incoming wavelengths.75,111,120,136
Monolayer WSe2 have attracted considerable attention following the discovery of the indirect-todirect band-gap transition54,137 and the coupling of the spin and valley degrees of freedom in
atomically thin layers and heterostructures.138 In this materials, excitons along with the presence
of additional charges called trions (or charged excitons) can be observed which exhibit very high
binding energies of the order of 30 meV.139 Due to this large binding energy, optically generated
excitons remain stable at room temperature and thus play an important role in future
optoelectronic systems, because of the extremely large Coulomb interactions in atomically thin
2D-materials.5,61,140
The control of the carrier density is one effective method to modulate the optical
properties of monolayer WSe2, which is utilized by the application of applying gate bias voltages
using field-effect transistor (FET) devices for carrier doping,5,58 fabricating TMDCs-hybrid using
QDs,115,141 or by forming heterostructures,16,17 thereby, restricting the spectral range of
photodetection. However, the complicated FET structure could limit the fundamental study and
application of carrier-doped monolayer WSe2. An alternative doping method for controlling the
optical properties in monolayer WSe2 is strongly desired. While several photodetectors based on
WSe2 have already demonstrated high efficiency,141 some problems remain that must be
overcome for practical applications. First, the materials are commonly obtained by mechanical
exfoliation, the sizes of these transferred TMDCs are mostly limited to a few tens of µm, and
they suffer from a lack of uniformity that hinders the processing of these materials for device
applications. Also, the existing materials lack flexibility because they have been built up on rigid
substrates. Therefore, despite tremendous efforts, it is still a great challenge for the lowdimensional hybrid structures to operate at an optimized point with respect to the trade-off
between responsivity and dark current.113,114,142
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The main objective of this dissertation is to fabricate device structures of graphene and
WSe2 and integrate with 0D structures for the realization of hybrid 0D-2D molecular assemblies
using fabrication processes that are inherently scalable; to explore the photo-induced charge
transport in the structures; and the realization of these hybrids in optoelectronic applications such
as a broadband photodetector.
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Chapter 2. Dramatic Enhancement of Optoelectronic Properties of
Electrophoretically Deposited C60-Graphene Hybrids
Two-terminal C60-graphene hybrid photodetector is fabricated, where C60 is deposited onto the
graphene using an electrophoretic deposition technique. The device architecture proposed shows
a charge transport occurs between graphene and C60 that ensures the better optoelectronic
properties. The C60-graphene hybrid utilizes the strong electron-accepting characteristic of the
fullerenes and the good charge transport properties associated with graphene.143 At the same time
graphene’s efficient charge transport characteristic works synergistically to collect the
photogenerated carriers to enable the high-performance, high-responsivity photodetector devices.
Besides the optoelectronic measurements, temperature-dependent Raman spectroscopy was
used to examine the hybrid in order to shed insights on the origins of the superior optoelectronic
device performance which reveal graphene’s hole-doped characteristic. To the best of our
knowledge, this is the first successful approach to demonstrate a C60-graphene based
photodetector, where the optoelectronic response was measured across a broad wavelength range
from 400-1100 nm using a tunable laser source at room temperature and optoelectronic
measurements were also conducted down to cryogenic temperatures of 5.8 K. The measured
photoresponse of the hybrid nanocarbon-based devices is 10 X larger than any graphene-based
hybrid device in the open literature, while D and EQE were superb ~ 1015 Jones and ~ 109 %,
respectively at 1V with an incident illumination laser power of 3.3 pW. Our work serves as a
pivotal stepping-stone for future studies to explore the immense possibilities arising from C60graphene for photodetector applications which have an important bearing applications in defense,
surveillance and imaging.144
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2.1 ELECTROPHORETIC DEPOSITION

Figure 2.1: (a) Current-time measurement of the device in toluene-acetonitrile solution. (b)
Illustration of electrophoretic deposition technique (inset shows the deposition of C60 clusters as
a function of applied voltage). As the voltage is increased, the current starts to increase, which
leads to more aggregation of C60 clusters as represented by the I-V curves. For the same interval
of time (1.5 min), it was observed that 0.2 V generates less current due to which there was less
aggregation of C60 clusters on top of the graphene membrane, whereas for 1 V, more current was
observed which implies more aggregation of C60 on top of the graphene membrane. (c)
Schematic representation of the device at the time of electrophoretic deposition.
In this hybrid device, graphene was obtained using mechanical exfoliation of HOPG
crystal from SPI Supplies Grade SPI-1, 10x10x1 mm in dimensions. The HOPG was placed
gently on the residue-free blue medium tack tape from Semiconductor Equipment Corp. Another
piece of tape was taken and gently laid on the first tape to ensure adequate adhesion and was
pulled apart. This step was repeated 3-4 times using multiple tapes for the successful isolation of
graphene. During exfoliation, it is important to keep good tension on the tape to avoid breaking
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of flakes. Then, a viscoelastic stamping method was used to transfer the flake on the desired
electrode. The procedure followed was the same as that described by Saenz et al. for transfer of
MoS2 flake on molybdenum (Mo) electrodes.41 The C60 used was purchased from Sigma-Aldrich,
Product Number: 572500. For the electrophoretic deposition, different concentrations of C60 (5,
19, 35 and 45 µM) in toluene solution was mixed with acetonitrile:toluene (3:1 v/v).145

Figure 2.2: SEM image of (a) C60 clusters deposited when the drop of the suspension solution
was injected continuously, which results in asymmetric clusters and (b) symmetric C60 clusters
formation when one drop of suspension solution is injected after every 1.5 min interval of time.
This technique was first reported by Kamat et al. who showed that the presence of a polar
solvent, such as acetonitrile causes charging in the C60 clusters and facilitates their deposition on
the desired surface as they respond to an external electric field, as is the scenario here for
electrophoretic deposition.145 The electrophoretic deposition technique allowed the C60
molecules to decorate the graphene surface. Figure 2.1(a) shows the current-time measurements
of the graphene assembly upon the injection of the C60 solution, while Figure 2.1(b) conceptually
illustrates the various steps in the electrophoretic deposition process. Initially, a voltage was
applied to the Mo contacts and the current was measured in the absence of C60 at 0.2 V to
calibrate the system. At these voltages, the current level was low as indicated schematically by
Region I in Figure 2.1(b). Upon injection of the C60 solution at 0.2 V, the current increased
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gradually, and C60 clusters become charged in the presence of acetonitrile and start to deposit
(Region II) on top of the graphene membrane. The inset of Figure 2.1(b) schematically illustrates
the C60 clusters deposited on graphene at progressively increasing voltages. As the voltage was
increased further up to 1V at 0.5 V increments with a steady flow of C60 solution injected at
every step, the current values increased as an outcome of more aggregation arising due to the
deposition of the C60 clusters. When all the clusters were deposited, the current starts to saturate
(Region III) due to Joule heating in the channel as the resistance increases, as shown in Figure
2.1(c). The instantaneous current peaks with an increase in voltages from 0.2 to 1 V in the
structures may be due to the strong van der Waals interactions leading to C60 attachment onto the
graphene surface.99
2.2 STRUCTURAL CHARACTERIZATION
To study the surface morphology of the C60 clusters on the graphene membrane, SEM
analysis was performed. Figure 2.2(a) shows the SEM image of the asymmetric C60 clusters
deposited on top of the graphene membrane when the C60 suspension solution was injected
continuously. The clusters were structurally similar to those reported earlier, where the clusters
were asymmetric as they were formed using the liquid–liquid interfacial precipitation (LLIP)
method which shows that due to the asymmetry of C60 clusters, the conduction of the hybrid is
negligible.146 Thus, in order to obtain symmetric clusters, one drop of C60 suspension solution is
injected after every 1.5 min intervals of time as shown in Figure 2.2(b), where C60 clusters
coalesce and aggregate during electrophoretic deposition.145 It is worth noting that the
measurement needs to be recorded continuously to monitor the device behavior in order to
control the symmetric morphology of the C60 clusters. After the electrophoretic deposition was
completed, the C60-graphene hybrid was placed on a hot-plate at 120 °C for 5 min to drive off the
residual toluene and acetonitrile solvents.
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Figure 2.3: (a) Absorbance as a function of wavelength of different concentrations of C60 in 3:1
(v/v) acetonitrile:toluene. (b) I-V characteristics of C60-graphene hybrids with different
concentrations of C60 in 3:1 (v/v) acetonitrile:toluene.
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Figure 2.4: (a) and (b) (i)-(iv) represents more details of the AFM measurements of graphene
and C60-graphene. (i) Optical Micrographs, (ii) Large area AFM scan, and (iii) Magnified AFM
scan of graphene and C60-graphene, with (iv) scan direction from A to B. The AFM results reveal
the clustering of C60 particles on the graphene membrane in form of islands of 25-30 nm high
and 300-500 nm in diameter. In both of the cases considered, the measured thickness of the
graphene membrane is 19 nm.
In order to characterize the effectiveness of our C60 suspension solutions, we used
optical absorption spectroscopy. The absorbance of C60 at concentrations ranging from 5, 19, 35
and 45 µM in the acetonitrile-toluene solution was measured, as shown by the data in Figure
2.3(a). The C60 exhibits a structureless broad absorption in the 400-700 nm wavelength regime.
The principal band of C60 at 410 nm is due to orbitally allowed transitions from the ground states
to the excited states.147 A broad weak continuum between 430 nm and 640 nm was seen, whose
maximum occurs at ~ 540 nm, and appears to be due to the vibronic bands based on electronic
transitions from the lowest unoccupied molecular orbital (LUMO) to the three-fold degenerate
1T1u state and to the other degenerate states.136 The absorbance of the solution increased as the
concentration of C60 increased, which is consistent with the Beer-Lambert law where the
absorbance is proportional to the concentration of the solute present in the solvent.
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Figure 2.5: Raman spectra of graphene and C60-graphene at room temperature (inset shows the
Raman spectra of C60 film). The mechanically exfoliated graphene membranes shows an intense
tangential mode (G-band) at 1580 cm-1 and a 2D-band at 2701 cm-1.
The I-V measurements as shown in Figure 2.3(b) were performed to conduct a
comparative analysis of all the hybrids. The I-V plot of the hybrids was linear and the slope
increases with an increase in the concentration of C60. The higher current levels are likely to do
with a higher density of deposited C60 clusters for the acetonitrile-toluene solutions with the
higher concentrations of C60. Contact-mode AFM was used to probe three-dimensional profiles
of the deposited structures to gauge the aggregation of C60 on the graphene surface. Figure 2.4(a)
and (b) show the optical micrographs (i) and AFM measurements, right parts (ii)–(iv) of
graphene and C60-graphene using the 45 µM concentration. The height profile measurements
were performed using AFM over an area of 15 μm× 15 μm as shown in Figure 2.4(a)(ii), and
subsequently over a smaller area of 1.1 μm× 1.1 μm in Figure 2.4(a)(iii), respectively, at a scan
speed of 1 Hz over the scan direction from A to B, as shown in Figure 2.4(a)(iv). The measured
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thickness of the graphene membrane is 19 nm. Similar AFM measurements were performed for
C60-graphene hybrid shown in Figure 2.4(b)(i)-(iv). The AFM results reveal the clustering of C60
particles on the graphene membrane, where islands ranging from 25-30 nm in height, and 300500 nm in diameter are clearly evident.
The devices were further characterized using Raman Spectroscopy. The mechanically
exfoliated graphene membranes show an intense tangential mode G-band and 2D-band148 at 1580
cm-1 and 2701 cm-1, respectively, as depicted in Figure 2.5. The C60-graphene hybrid shows a
blue shift Δω(+) for the G-band (1586 cm−1) and the 2D-band (2718 cm−1), as seen in Figure
2.6(a) and (b), respectively. Jnawali et al. has investigated C 60-graphene hybrid using Raman
and THz time-domain spectroscopy and demonstrated that the C 60 layer acts as an electron
acceptor, leading to hole doping of the graphene; this is also consistent with our Raman data
where a blue shift Δω(+) of the G-band and 2D-band are observed for the C 60-graphene
hybrid.129 The G-peak shift in the hybrid is due to the hole doping in graphene which results
in a reduction in the Fermi level of graphene.
Similarly, for the 2D-band, Yu et al. showed that the electron transfer into C 60 induces
a decrease in intensity of the 2D-mode as carrier concentration increased, which in turn results
in a Δω(+) shift and a reduced intensity I ratio for I2D/IG.149 We note a similar behavior here as
shown in Figure 2.6(a) and (b), respectively at 298 K, where the Δω(+) shift and the reduction
in the intensity ratio by 66% of the hybrid relative to graphene are signatures of C 60 doping
graphene and making it hole-rich. Also, due to the presence of C60 on top of graphene
membrane, a new peak at 1453 cm−1 was observed, and this peak is due to the Ag(2) band of the
C60. This feature arises from the C60 molecules, as can be seen by a comparison with a bulk C60
film as shown in the inset of Figure 2.5 which shows an intense peak at 1469 cm-1 with relative
normalized peak intensity IAg(2) ~ 1. The red-shift Δω(-) of the Ag(2) mode of C60 in the C60graphene hybrid and decrease in IAg(2) occurs because of the electron accepting nature of C60
giving rise to C60 “pentagonal pinch mode”.9 The pentagonal pinch mode involves a 100%
tangential displacement of the C-atoms on the C60 molecule so as to shrink the pentagons and
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expand the hexagons, which suggests a strong interaction between the C60 cages and the
graphene sheets.84

Figure 2.6: Expanded Raman spectra for (a) G-band, and (b) 2D-band for graphene and C60graphene. The spectra highlights the Δω(+) shift of 6 cm-1 for the G-band from 1580 to 1586 cm-1
and 17 cm-1 for the 2D-band from 2701 to 2718 cm-1 of the hybrid.
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Figure 2.7: Raman spectra of graphene and C60-graphene with increase in temperature. The Δω(-)
increased for the G and 2D-band for graphene and the C60-graphene hybrid as the temperature
increased. The optical phonons play an important role in the temperature-dependence of the Gband and 2D-band shifts, whereas the 2D-band was more sensitive to changes in the electronic
band structure due to temperature-induced strain resulting in stretching of the C-C bonds which
is also related to the thermal expansion coefficient.
Table 2.1: The ratio of I2D/IG as a function of temperature for graphene and C60-graphene hybrid

I2D/IG
Device

298 K

573 K

873 K

Graphene

0.3

0.26

0.23

Graphene-C60

0.18

0.11

0.09
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Figure 2.8: Variation of (a) G-band and (b) 2D-band as a function of temperature in graphene
and C60-graphene (only three temperatures are shown for the ease of representation). The Δω(-)
shift in the G-band for the graphene membrane was observed to be ~ 12.9 cm-1 as the
temperature increased from 298 K to 873 K, while the Δω(-) for C60-graphene was computed to
be ~ 11.3 cm-1 within the same thermal regime. The Δω(-) shift for the 2D-band in was high in the
C60-graphene sample (~ 19.1 cm-1) compared to graphene (16.2 cm-1) sample, as the temperature
is increased.
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Figure 2.9: Linear fit (dotted red lines) showing the extracted (a) χG for the G-band, and (b) χ2D
for the 2D-band in graphene and C60-graphene. The value computed for C60-graphene hybrid
device was χG = ~ 0.01616 cm-1K-1 and χ2D = ~ 0.02156 cm-1K-1 and for graphene (inset) was was
χG = ~ 0.01818 cm-1K-1 and χ2D = ~ 0.02366 cm-1K-1. The temperature coefficient χG and χ2D value
was 12.5% and 9.7% high for C60-graphene hybrid compared with graphene.
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Temperature-dependent Raman spectra of pristine graphene are shown from 298 K to 873
K in Figure 2.7 and compared to the C60-graphene hybrid. The ratio of I2D/IG for graphene and
C60-graphene hybrid as a function of temperature are tabulated in Table 2.1. The I2D/IG ratio
for the hybrid decreases as the temperature is increased from 298 to 873 K, compared to
graphene due to the decrease in intensity of the 2D-peak with hole doping in graphene,150 which
is mainly due to electron transfer from graphene to C60. Also, the C60-graphene shows a Δω(-)
shift in the Raman peak as seen in Figure 2.7, where Δω(-) increased for the G and 2D-band for
graphene and the C60-graphene hybrid as the temperature increased. Previous investigations
demonstrated that the electron-phonon coupling plays an important role in the temperaturedependence of the G-band and 2D-band shifts.148 It was also observed that the 2D-band was
more sensitive to changes in the electronic band structure due to temperature-induced strain
resulting in stretching of the C-C bonds which is also related to the thermal expansion
coefficient.151 On the other hand, the G-mode is related to the optical phonons that are sensitive
to the carrier density more so than the temperature-induced strain.152 The Δω(-) shift in the Gband for the graphene membrane was observed to be ~ 12.9 cm-1 as the temperature increased
from 298 K to 873 K, as seen in Figure 2.8(a), while the Δω(-) for C60-graphene was computed
to be ~ 11.3 cm-1 within the same thermal regime. However, the Δω(-) shift for the 2D-band in
Figure 2.8(b) was high in the C60-graphene sample (~ 19.1 cm-1) compared to graphene (16.2 cm1

) sample, as the temperature is increased.
Furthermore, the temperature dependence of the G and 2D-mode frequency shift in

graphene and C60-graphene films was calculated and is represented by the following relation: ω
= ω0 + χT, where ω0 is the Raman frequency shift when the temperature T is extrapolated to 0 K,
and χ is the first-order temperature coefficient determined by the slope of the linear fit. The
extracted negative value of the G-band temperature coefficient (χG) for graphene and C60graphene in Figure 2.9(a) are ~ 0.01818 cm-1K-1 and 0.01616 cm-1K-1, respectively, which is
smaller compared to the 2D-band temperature coefficient (χ2D) for graphene ~ 0.02366 cm-1K-1
and C60-graphene ~ 0.02156 cm-1K-1 in Figure 2.9(b). The χG and χ2D value was 12.5% and 9.7%
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higher for C60-graphene hybrid compared to bare graphene. Previous investigations have also
shown χG to be smaller than χ2D which is mostly attributed to the “self-energy” contribution from
the G-band and not to the thermal expansion. This is related to the direct coupling of the optical
phonon modes, which is sometimes also referred to as the “pure” or “intrinsic” temperature
effect.148

Figure 2.10: I-V of graphene and C60-graphene hybrid at room temperature. Under direct contact
of C60 and graphene membrane, the conduction path can be associated with the C60-graphene
interface, where the two carbon surfaces are linked via van der Waals interactions.
2.3 ELECTRONIC MEASUREMENTS
We then proceeded to conduct two-terminal I–V measurements for the hybrid structure at
room temperature, where the currents at 1 V are ~ 20 X higher for the hybrid when compared to
the bare graphene, as shown in Figure 2.10. Under direct contact of C60 and graphene membrane,
the conduction path can be associated with the C60-graphene interface, where the two carbon
surfaces are linked via van der Waals interactions. The graphene serves as the high mobility
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charge transport channel layer and electron transfer occurs at the C60-graphene interface which
establishes a built-in potential at the hybrid interface.153

Figure 2.11: I-V of (b) C60-graphene and (c) Graphene at different temperatures. The current of
the device increased from 0.38 mA at 5.8 K to 0.8 mA at 298 K for graphene and 9 mA at 5.8 K
to 20 mA at 298 K for C60-graphene hybrid, which provides direct evidence of the decreasing
device resistance as the temperature increased.
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Figure 2.12: Logarithmic plot of ln(R) as a function of 1000/T, where the dotted red lines show
the linear fit of the data for the graphene and graphene–C60 devices, respectively which suggests
a thermally activated conduction process is occurring in the device.
Table 2.2: Ea and r2 fitting values for graphene and C60-graphene hybrid for Region I (60 K-300
K) and Region –II (5.8 K-50 K)

Device

Region I

Region II

(60 K - 300 K)

(5.8 K - 50 K)

Ea (meV)

r2

Ea (meV)

r2

Graphene

0.73

0.915

0.94

0.994

Graphene-C60

0.34

0.926

0.81

0.993
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We also conducted R-T measurements of our devices from 5.8 k to 298 K as shown by
the data in Figure 2.11(a) and (b), respectively. At a fixed voltage of 1 V, the current of the
device increased from 0.38 mA at 5.8 K to 0.8 mA at 298 K for graphene and 9 mA at 5.8 K to
20 mA at 298 K for C60-graphene hybrid, which provides direct evidence of the decreasing
device resistance as the temperature increased.154 A closer examination of Figures 2.11(a) and
(b) suggests that the resistance does not vary linearly with temperature. Thus, this data was fit to
the Arrhenius model12 denoted by Eq. (2.1) below:
(2.1)
where R(T) is the resistance at temperature T, R0 is the resistance at T = ∞, Ea is the thermal
activation energy, and k is the Boltzmann constant. Eq. (2.1) is rewritten as
(2.2)
where a linear relationship is expected in the ln R(T) versus T plot. When plotting ln R(T) as a
function of 1000/T in Figure 2.12, the activation energy Ea was extracted, which suggests a
thermally activated conduction mechanism is governing transport of the charge carriers in the
device. Table 2.2 represents Ea, the correlation coefficient r and the r2 fitting values for graphene
and C60-graphene in the two different regions from 60-298 K and from 5.8-50 K. For a
thermally activated mechanism, Ea decreases as T is increased, thus in case of graphene, the
thermal generation of the carriers (Region I) results in a majority of the carriers to overcome the
existing built-in potential and a low Ea value of 0.73 meV is observed. At low temperatures
(Region II), there is a decrease in kinetic energy of these thermally excited carriers hindering
their ability to overcome the existing built-in potential barrier, thereby causing an increase in Ea
= 0.94 meV. But when C60 was deposited on the graphene membrane these charge carriers
underneath the graphene film could effectively cross the built-in potential barrier with the
assistance of C60. Thus, the Ea values for both Region I and Region II for the hybrid structures
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are low and are 0.34 and 0.81 meV, respectively relative to bare graphene which suggests the
thermal expansion of graphene and adsorption of C 60 on top of the graphene membrane.

Figure 2.13: (a) Photoresponse of graphene and C60-graphene hybrid. The ℛ measured for the
hybrid was ∼ 2 x 109 A/W at 1 V under vacuum at room temperature with a white light source.
(b) The τr of the photodetector measured from 10% to 90% of the signal peak value and τd from
90% to 10% of the signal peak value.
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Figure 2.14: (a) Iph and ℛ of C60-graphene as a function of laser wavelength. Iph and ℛ decrease
from 7.5 mA to 2.9 mA and ∼ 1.9 x 109 A/W to ∼ 4 x 108 A/W, respectively at 400 and 1100 nm
of the laser wavelength source. (b) D and EQE of C60-graphene as a function of λ at room
temperature. At 400 nm laser source, the device shows high D ~ 1015 Jones and high EQE ~ 109
% which decreased to ~ 1014 Jones and ~ 108 %, respectively at 1100 nm of laser wavelength.
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2.4 PHOTOELECTRICAL RESPONSE OF THE HYBRID
Next, the device was exposed to a white light source shown in Figure 2.13(a) with a
power density ~ 3 mW/cm2 under vacuum conditions at room temperature to study the Iph
behavior and the ℛ of the hybrid structure, which are key figures of merit for gauging
photodetector response. The photocurrent, Iph is defined as the difference between the current
under exposure to light Ilight and the dark current (Idark):

. A photoresponse

was not detectable in our graphene device using the instrumentation available, as the
photocurrents seen were below the nano-amp range. As reported earlier, in graphene, there is
short photon-generated carrier lifetime on the scale of picoseconds and the ON/OFF ratio is also
poor.39
In contrast, the hybrid devices exhibited a strong photoresponse. The responsivity of the
hybrid device was calculated using, ℛ

, where P(W) = incident illumination power. The ℛ

of the C60-graphene device was calculated to be ∼ 2 x 109 A/W at 1 V at an incident illumination
power of 3.3 pW. These values were 10 times higher compared to ℛ values of the graphenebased photodetectors reported earlier.74,114,135,155–157 High ℛ value of the hybrid is attributed to
the photogenerated electron-hole pairs in graphene and their separation near the hybrid interface.
This implies that the photogenerated holes transferred into graphene, recirculate many times
resulting in a high photoconductive gain.114 The response time of the photodetector was also
measured, as shown in Figure 2.13(b). The rise time τr is measured from 10% to 90% of the
noise floor in the off-state or minimum current and signal peak value, respectively; similarly, the
decay time τd was computed from 90% to 10% of the maximum and minimum signal intensities,
respectively. The τr and τd of the hybrid structure were computed to be ~ 2.3 ms and 2.9 ms,
respectively. The response is faster than the GaN-graphene and perovskite-graphene based
hybrid photodetector reported previously, whose response time is hundreds of ms.158 Major
factors contributing to the high operational speed of the device may be due to the effective
separation of the photogenerated carriers due to the built-in potential at the interface.153,158
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Figure 2.15: Illustration of the bandgap structure of C60-graphene hybrid showing the photoexcited charge transfer from graphene to C60. The photo-induced carriers in graphene are
separated and transferred by the built-in field of the C60-graphene hybrid interface. The holes are
driven into graphene to generate an output signal with a low-energy shift in EF of graphene.
Evolution of Iph is further characterized as a function of wavelength λ under the
illumination of a tunable laser source in the range of 400-1100 nm at 1 V applied bias voltage in
vacuum at room temperature. As λ is increased from 400 to 1100 nm, the Iph decreased from 7.5
mA to 2.9 mA and the ℛ also decreased from ∼ 1.9 x 109 A/W to ∼ 4 x 108 A/W as seen in
Figure 2.14(a). This decrease is due to the transport gap (Et) of crystalline C60 which is believed
to be 2.3–2.4 eV; it is likely that free photocarriers are generated with a photon energy (h𝛎)
considerably higher than 2.3–2.4 eV by the dissociation of highly-excited excitons (hot exciton).
The efficient photo-conductance appears in a C60 film at h𝛎 > 2.3 eV (536 nm).159 Other
important figures of merit for photodetectors are detectivity (D) and external quantum efficiency
(EQE). These are calculated using D (Jones) = ℛ

, and

ℛ, respectively,

where, e is the electronic charge in coulombs, and A is the active area of the photodetector.41 The
device showed a high D of ~ 1015 Jones and a high EQE of ~ 109 % at λ = 400 nm, which
decreased to 1014 Jones and ∼ 108 %, respectively at λ = 1100 nm of laser wavelength as shown
in Figure 2.14(a) and (b). The value for D and EQE are comparable to the previously reported
values for graphene-perovskites devices (D ~ 1015 Jones and EQE ~ 108 %).153 We believe the
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high gain of the hybrid device originates from the continuous hole doping in graphene. The holes
in graphene move faster and can circulate multiple times through the circuit, giving a large Iph.155
We also postulate a band diagram to explain the observed behavior of the hybrid
photodetector mechanism, as shown in Figure 2.15. The Fermi level (EF) of ideal graphene is
located at the K point of the Brioullin zone, where valence and conduction bands meet at the
Dirac point. The LUMO and highest occupied molecular orbital (HOMO) of C60 are ∼ 4.3 and ∼
6.9 eV, respectively.160 Graphene serves as a high mobility charge transport channel, and charge
transfer occurs at the C60-graphene interface due to which a built-in field is established at the
interface of the hybrid.153 Upon illumination, C60 absorbs photons with h𝛎 > 2.3 eV.159 The
photo-induced carriers in graphene are then separated and transferred by the built-in field of the
C60-graphene hybrid interface. Since C60 is an electron acceptor, thus holes are driven into
graphene to generate an output signal. Thus, the hole population increases in graphene where
they relax at the Fermi level (EF).129 The addition of holes leads to a downward shift in EF given
the high density of hole injection in graphene compared to electron injection.127 Thus, charge
neutrality is established at the interface of the hybrid. Also, Flores et al. reported that hole
doping in exfoliated graphene using acid treatment shifts EF, where the EF and carrier
concentration (n) at room temperature can be determined from the Raman data using Eqs. (2.3)
and (2.4),161
(2.3)
(2.4)
where Position (G-band) is 1586 cm-1 of the hybrid in Figure 2.6(a), 𝛎F is the Fermi velocity and
the Planck’s constant is defined by ℏ = h/2π. From our Raman data at 298 K in Figure 2.6(a), we
calculated a value for EF = 140 meV and accordingly n was tabulated to be ~ 1.19 x 1012 cm-2.
The results are consistent with the observed Δω(+) shift in the G-band, which is due to the hole
doping in graphene and implies the shift in EF in graphene.150 This is also consistent with the
61

reduction in I2D/IG by 66 % in the hybrid compared to bare graphene at 298 K which implies hole
doping in graphene as the 2D-band intensity is decreased.162
2.5 CONCLUSION
In conclusion, we have fabricated C60-graphene hybrid devices by depositing C60 using an
electrophoretic deposition technique and measured the optoelectronic properties of the devices.
Raman spectroscopy confirms electron transfer processes are occurring from graphene to C60
which results in a low-shift in EF of graphene by 140 meV, thereby inducing hole doping in
graphene. The optoelectronic measurements show that the clusters of C60 on top of graphene
membrane separates the photo-generated electron-hole pairs at the interface of the hybrid and the
photogenerated holes transferred into graphene, recirculate many times resulting in a high
photoconductive gain. The photodetector based on this C60-graphene shows ℛ ∼ 109 A/W which
is 10 times higher compared to graphene-MoS2 hybrid and the D ∼ 1015 Jones at λ = 400 nm at
room temperature. This work demonstrates that a simple C60-graphene hybrid device has
exceptional potential in photodetector platforms where the underlying electronic transport
properties are used to explain the excellent photoresponse. To the best of our knowledge, our
results represent the first approach towards the fabrication of C60-graphene based photodetector
which do not require a complicated fabrication process and yield the highest reported values for
photodetector device figures of merit.
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Chapter 3. Electron and Hole Transport in Zero-Dimensional Sc3N@C80 and
La@C82 Endohedrals on 2D-Graphene and the Phototoresponse Behavior
We have demonstrated the utilization of endohedrals on top of graphene nanoflake using
an electrophoretic deposition technique (discussed in Section 2.1). Despite the potential
advantage of endohedrals in organic photovoltaics (OPV), their role in a graphene-based system
has not yet been fully explored. Herein, we report graphene-hybrid devices based on
endohedrals, Sc3N@C80 (END1), and La@C82 (END2). The basic understanding of charge
transfer process in these hybrids, therefore, is of particular importance for its effective utilization
in photodetection applications. We have undertaken a systematic approach to study the charge
transfer at the graphene-endohedrals interface. In particular, we have focused on the electronic
and optoelectronic properties of the hybrid system. The photoinduced charge separation achieved
in these hybrid facilitated photocurrent generation which leads to high responsivity of 10 9 A/W
in END1-graphene hybrid and 108 A/W in END2-graphene hybrid devices across a broadband
source, 400-1100 nm in range. Raman measurements at different temperature was also
performed on the hybrids structure to study the stability and charge transfer at the interface of the
hybrids. Moreover, we believe that these hybrids may offer new attractive insights for use in
future graphene-based photonic devices.
3.1 GRAPHENE-SC3N@C80 HYBRID
The room temperature absorption spectra at different concentration of END1 (0.01 mg, 0.5 mg,
and 1 mg, respectively) in 1 mL of orthodichlorobenzene (o-DCB) is shown in Figure 3.1. Since
endohedrals have low solubility in toluene, therefore o-DCB was used to dissolve END1 so that
solubility of the endohedral can be increased.85 The absorption peak at 680 nm corresponds to
the band gap energy of the END1 when dispersed in o-DCB.120 As the concentration of END1 in
o-DCB was increased, the absorption of END1 was also increased according to the Beer-Lambert
law which states that concentration is proportional to the absorption.

63

Figure 3.1: Absorbance of different concentrations of END1 as a function of wavelength. The
absorption peak at 680 nm corresponds to the band gap energy of the END1 when dispersed in oDCB. As the concentration of END1 in o-DCB was increased, the absorption of END1 was also
increased according to the Beer-Lambert law which states that concentration is proportional to
the absorption.

The END1 was then deposited on top of the sputtered Au/Ti electrodes of thickness
~100 nm/10 nm using an electrophoretic deposition technique. The procedure adopted was
similar to the one used for depositing C60 films via electrophoretic deposition technique145 as
shown in Figure 3.2(a). A drop of the suspension was injected at 0 V and a step potential was
applied (from 0.05 to 0.3 V with 0.05 V step) between the electrodes. The current increased
gradually as the step-potential was increased with time. At certain intervals of time, the current
saturates and starts to decrease because of Joule heating in the channel as the resistance
increases. After 12 min of deposition, the aggregation of END1 was seen on top of Au/Ti
electrodes. The o-DCB is viscous in nature, thus the device was vacuum annealed for 24 hours at
180°C (boiling temperature of o-DCB) so that all the solvent is removed from the device.
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Figure 3.2: (a) I-t measurements as a function of increase in voltage. A drop of the suspension
was injected at 0 V and a step potential was applied (from 0.05 to 0.3 V with 0.05 V step)
between the electrodes. The current increased gradually as the step-potential was increased with
time (b) I-V of END1 at different concentration in 1 mL of o-DCB.
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Figure 3.3: Schematic illustration for the electrophoretic deposition of END1 on graphene
membrane. The graphene was mechanically exfoliated and Au/Ti electrical contacts were made
followed by a lift-off process on Si/SiO2 (270 nm thick) substrate. For electrophoretic deposition,
1 mg suspension solution of END1 in 1 mL of o-DCB was used. During electrophoretic
deposition, individual atoms of END1 were aggregated on top of graphene membrane, but after
annealing the hybrid for 24 hrs at 180 °C, END1 aligns itself in the form of a rod-shaped crystal.
The END1 molecules nucleate rapidly and then crystal seeds start to grow via π-π stacking to
form small particles where the growth of END1 rods occurs toward the length direction and then
they stack along growth direction to become a longer rod-shaped crystal.

Figure 3.2(b) depicts the I-V characteristics at different concentration of END1 acquired
at the bias voltage range of −1 to 1 V under vacuum conditions. As 1 mg/mL of END1 shows
high current values (and high absorption intensity), therefore this concentration of END1 in oDCB was used to deposit electrophoretically on top of the graphene membrane. Figure 3.3 shows
the schematic of the hybrid structure of END1 aggregated on top of the graphene membrane
(END1 aggregation is shown, where the aggregated film consists of individual END1 molecules).
But, after annealing the hybrid for 24 hrs at 180 °C, END1 aligns itself in the form of a rodshaped crystal, which was confirmed using Scanning Electron Microscopy (SEM). Figure 3.4(a)(d) show typical images SEM of END1 and graphene- END1 under low and high magnification,
where the inset of Figure 3.4(b) shows the graphene device alone. The average length of END1
was found to be 4 µm. It should be noted that END1 aligns itself in the form of a rod-shaped
crystal. The END1 molecules nucleate rapidly and then crystal seeds start to grow via π-π
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stacking to form small particles where the growth of END1 rods occurs toward the length
direction and then they stack along the growth direction to become a longer rod-shaped
crystal.120 However, there were some changes observed in the shape of the END1 crystal on top
of the graphene membrane.

Figure 3.4: Low magnification SEM images of electrophoretic deposition of (a) END1, (b)
END1-graphene hybrid. High magnification SEM images (c) showing micron-sized hexagonal
END1 rods with average length of 4 µm, and (d) showing aggregation of END1 on top of
graphene membrane after electrophoretic deposition.

The Atomic Force Microscopy (AFM) measurements were also performed. The height
profile measurements were performed over an area of 15 μm× 15 μm as shown in Figure
3.5(a)(i) and 1.1 μm× 1.1 μm as shown in Figure 3.5(a)(ii), respectively, with the scanning speed
67

of 1 Hz over the scan direction from A to B as shown in Figure 3.5(a)(iii) for END1. The
measured thickness of the graphene membrane is 24 nm. Similar AFM measurements were
performed for END1-graphene hybrid as seen in Figure 3.5(b)(i)-(iii), which shows the clusters
of END1 in form of island of 3.6 nm high and 50 nm in diameter.

Figure 3.5: AFM analysis of END1 and END1-graphene. (a) and (b) (i) Large area AFM scan,
(ii) Magnified area AFM scan of (i), and (iii) Scan directions from A to B for END1 and END1graphene.
3.1.1 Temperature Dependent Raman Analysis
Our devices were further characterized using Raman spectroscopy, as well as temperaturedependent Raman, which is a non-invasive technique used to characterize the structural and
electronic properties of materials.21 Figure 3.6 shows the Raman spectra of graphene and END1graphene hybrid at room temperature, where the inset in Figure 3.6 shows the Raman spectra of
END1 film at room temperature. There is a red-shift (Δω(-)) from 1253 cm-1 to 1203 cm-1 (with
relative normalised peak intensity for I ~ 0.4 a.u.) in END1, due to intermolecular dispersion
interaction between endohedral and graphene membrane.99 Figure 3.7(a) and (b) shows expanded
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Raman spectra of G band and 2D-band of graphene and graphene- END1 at room temperature.
The blue (Δω(+)) shift for G band and 2D-band was 5 cm-1 and 10 cm-1, respectively.

Figure 3.6: Raman spectra of graphene and END1-graphene hybrid at room temperature. The
inset shows the Raman spectra of END1 film. The peak at 1203 cm -1 is the tangential mode of
END1.

The temperature-dependent Raman spectra of graphene and END1-graphene hybrid were
taken over a wide temperature range from 298 K to 873 K, and are plotted in Figure 3.8. The Gband peak position observed Δω(-) shift in graphene sample from 1580 cm-1 (298 K) to 1566 cm-1
at 873 K and the END1-graphene hybrid also observed Δω(-) shift near to 1586 cm-1 at 298 K and
shifted towards 1563 cm-1 at 873 K. The G-band shift towards lower frequency is due to optical
phonon softening when the temperature is increased. The G-mode is an optical phonon which is
very sensitive to carrier density.148 Similarly, 2D-band peak observe a Δω(-) shift in graphene
sample from 1580 cm-1 (298 K) to 1566 cm-1 at 873 K and the END1-graphene hybrid also
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observed Δω(-) shift near to 1586 cm-1 at 298 K and shifted towards 1563 cm-1 at 873 K, which
implies that the 2D mode is very sensitive to strain. This is because the double resonance
processes are sensitive to the changes in the electronic band structure that are induced by
strain.152

Figure 3.7: (a) and (b) Raman spectra of the G band and 2D band of graphene and END1graphene. The mechanically exfoliated graphene membranes shows an intense tangential mode
(G band) at 1580 cm-1 and a 2D band at 2714 cm-1 The G peak of graphene is upshifted to 1585
cm-1 and 2D peak to 2724 cm-1. The radial mode of END1 was upshifted from 1203 cm-1 to 1253
cm-1, due to intermolecular dispersion interaction between fullerene and graphene membrane.

The temperature dependence of Raman shifts of the G-bands and 2D-bands is
preliminarily analyzed by a linear approximation. The following linear equation is used best to
fit the temperature dependence in Figure 3.9(a) and (b): ω = ω0 + χT, where ω0 is the
extrapolated peak position at 0 K, and χ is the first-order temperature coefficient. The best linear
fitting for G and 2D-band for END1-graphene is represented by red solid lines. The inset shows
the temperature coefficient of G and 2D-band for graphene. It gives out the first-order
temperature coefficients of END1-graphene as χG = ~ 0.01524 cm-1K-1 and χ2D = ~ 0.0241 cm-1K70

1

, respectively for G and 2D-bands, and of graphene as χG = ~ 0.01818 cm-1K-1 and ~ 0.02366

cm-1K-1 which means that there is strong adhesion between graphene and END1 and the
temperature dependency is almost revisable in the temperature range from 298 to 873 K.

Figure 3.8: Variation of G-band and 2D-band with temperature of graphene and END1-graphene.
The G-band peak position observed Δω(-) shift in graphene sample from 1580 cm-1 (298 K) to
1566 cm-1 at 873 K and the END1-graphene hybrid also observed Δω(-) shift near to 1586 cm-1 at
298 K and shifted towards 1563 cm-1 at 873 K. The G-mode is an optical phonon which is very
sensitive to carrier density. The 2D-band peak observe a Δω(-) shift in graphene sample from
1580 cm-1 (298 K) to 1566 cm-1 at 873 K and the END1-graphene hybrid also observed Δω(-)
shift near to 1586 cm-1 at 298 K and shifted towards 1563 cm-1 at 873 K, which implies that the
2D mode is very sensitive to strain.
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Figure 3.9: Linear fit (dotted red lines) showing the extracted (a) χG for the G-band, and (b) χ2D
for the 2D band in graphene and END1-graphene. We found that the values for χG and χ2D for
graphene is ~ 0.01818 cm-1K-1 and ~ 0.02366 cm-1K-1 and for END1-graphene hybrid is ~
0.01524 cm-1K-1 and ~ 0.0241 cm-1K-1, respectively.
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Figure 3.10: I-V of (a) END1-graphene, and (b) END1 at different temperatures.
As T increases, I also increases for all the three devices due to thermal excitation of the
carriers which reflects that graphene functions as a charge transporting layer to enhance
conduction.
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Figure 3.11: Logarithmic plot of ln(R) as a function of 1000/T of graphene, END1, and END1graphene. Two regions were used to plot ln R(T) as a function of 1000/T, namely Region I and
Region II, showing the linear fit of the data (dotted red lines).
Table 3.1: Ea and r2 fitting values for graphene, END 1 and END1-graphene hybrid for Region
I (60K-300K) and Region II (5.8K-50K)

Device

Region I

Region II

(60 K - 300 K)

(5.8 K - 50 K)

Ea (meV)

r2

Ea (meV)

r2

Graphene

0.94

0.915

0.73

0.994

END1

0.76

0.918

0.54

0.992

END1-graphene

0.61

0.925

0.43

0.993
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3.1.2 Two-Terminal Measurements
The I-V measurements of the devices were conducted in a vacuum probe stage (pressures ~
10−6 Torr) at cryogenic temperatures T, where T was controlled from ~ 5.8 K to 298 K using a
closed-cycle He refrigerator is shown in Figure 3.10(a) and (b) at various T, where
measurements are conducted in dark. As T increases, I also increases for all the three devices
due to thermal excitation of the carriers which reflects that graphene functions as a charge
transporting layer to enhance conduction. These results suggest that there was aggregation of
END1 on top of the graphene membranes due to the adsorption of END1 on pristine graphene
which is governed by intermolecular dispersion interaction between endohedral and graphene
membrane. This data was fit into the Arrhenius model,12 denoted by equation 2.1 and 2.2.
Two regions were used to plot ln R(T) as a function of 1000/T shown in Figure 3.11,
namely Region I and Region II. Table 3.1 represents the correlation coefficient r and the r2 fitting
and Ea values for graphene, END1 and END1-graphene in the two different regions from 60-298
K and from 5.8-50 K and were tabulated for Region 1 as 0.94 meV for graphene, 0.76 meV for
END1, and 0.61 meV for END1-graphene, respectively, and for Region 2 as 0.73 meV for
graphene, 0.54 meV for END1, and 0.43 meV for END1-graphene. At lower temperatures T
(<100 K), carriers are not excited, whereas at higher temperatures T (>100 K), carriers are
excited.12
3.1.3 Optoelectronic Measurements
Figure 3.12 shows the photocurrent of END1 and END1-graphene under light and dark
conditions at room temperature. The device was exposed to white light source for
optoelectronic measurements under vacuum conditions to measure its photoresponse. The
current values were enhanced when the device was illuminated with the white light source.
Figure 3.13(a) shows ℛ values of graphene, END1, and END1-graphene with time. Here, ON
(yellow colour) indicate the duration for which light was turned on and OFF is the duration
when light was turned off. It was observed that ℛ values from the graphene device was
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negligible. The responsivity of the END1-graphene device measured was ∼ 3 x 109 A/W.
Figure 3.13(b) indicates the selection of the data of (a) used to calculate the response time, τr
and decay time constant, τd for END1, and END1-graphene. The inset of Figure 3.13(b) shows
the table showing the values of τr, τd and ℛ of END1-graphene, and END1. The response and
decay times are important parameters for any photodetector. The τr is measured from 10% to
90% of the noise floor in the off-state or minimum current and signal peak value, respectively;
similarly, τd was computed from 90% to 10% of the maximum and minimum signal intensities,
respectively.163 The measured time dependent photocurrents under the ON and OFF state are
fitted with above exponential rise and decay equations yielding time constants of τr ~ 1.8 ms and
τd ~ 2.7 ms, respectively for END1-graphene.

Figure 3.12: I-V of END2-graphene based photodetector in the dark and illuminated states using
white light at room temperature under vacuum for an applied bias of 1V (inset shows I-V of
END1). The END1-graphene Iph is 20 X higher relative to END1.
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Figure 3.13: (a) Photoresponse of graphene, END1, and END2-graphene. ON (yellow colour)
indicate the duration for which light was turned on and OFF is the duration when light was
turned off. The responsivity of the END2-graphene device measured was ∼ 3 x 109 A/W. (b)
Indicate the selection of the data of (a) used to calculate τr and τd (inset shows the values of τr, τd
and ℛ of END1-graphene, and END1).
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Figure 3.14: Schematic representation of the energy levels of graphene and END1-graphene
illustrating the charge transport between graphene and END1 interface. The LUMO and HUMO
of END1 are -4.61 eV and -5.79 eV, respectively. The work function of graphene is 4.7–4.9 eV
close to the valence band of END1, therefore, photogenerated holes can be efficiently injected to
the conductance band of graphene, thus leading to an increase of the hole carrier density and the
corresponding conductance in the hybrid device.

Figure 3.14 shows the band diagram illustrating the charge transport between graphene
and END1 interface. The LUMO energy of END1 is -4.61 eV, and HOMO level of END1 is 5.79 eV.164 Incident photons excite the ground-state electrons of the END1 into excited states.
Electron-hole pairs are then formed at the END1-graphene interface. The work function of
graphene is 4.7–4.9 eV,165,166 which is closer to the valence band of END1, therefore,
photogenerated holes can be efficiently injected to the conductance band of graphene, thus
leading to an increase of the hole carrier density and the corresponding conductance in the hybrid
device. Only the holes are swept into the graphene layer, whereas the photoexcited electrons
remain in END1. The Sc3N becomes positively charged, C80 becomes negatively charged
(Sc3N)+3.6@(C80)−3.6, and graphene membrane becomes positively charged,99 leading to an
electron-richer carbon cage that enhances the intermolecular dispersion interaction between the
endohedral and the graphene membrane.
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Figure 3.15: T-dependency of Iph, and ℛ of END1-graphene and END1 as a function of laser
wavelength (400-1100 nm) at different temperatures. At 400 nm laser source, the END1graphene device shows high photocurrent (0.15 mA) and high photoresponsivity (2 x 109 A/W)
END1 at 298 K and start to decrease after 800 nm. This is due to the fact that an efficient
photoconductance appears in END1 film at hν > 1.55 eV.
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Figure 3.16: D and EQE of END1-graphene and END1 as a function of laser wavelength (4001100 nm) at different temperatures. D and EQE of END1 was 2.89 x 1012 Jones and 106 % at 298
K. Similar trend was observed for the END1-graphene from 400-800nm. The Iph and ℛ for
END1-graphene was 0.6 mA and 4 x 109 A/W at 400 nm. The D and EQE of END1-graphene
was 9.6 x 1015 Jones and 109 % at 298 K.
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Figure 3.17: Low magnification SEM images of electrophoretic deposition of (a) END2, (b)
END2-graphene hybrid. (c) and (d) High magnification SEM images showing aggregation of
END2 after electrophoretic deposition.

The carbon cage now has more electrons due to which the LUMO of END1 destabilizes
after its absorption on the graphene surface, thus enhancing its reactivity and making END1 as an
electron accepting material. To further investigate the behavior of the photodetector, a tunable
laser source with 1 nm of resolution was used (spectral range of the Fianium LLFT Contrast
NKT Photonics tunable laser source) in 100 nm increments. Figure 3.15(a) and (b) and Figure
3.16(a) and (b) shows the comparative study of photocurrent, responsivity, detectivity and
external quantum efficiency (EQE) of END1 and END1-graphene as a function of laser
wavelength (400-1100 nm) at different temperatures (5.8 K to 298 K). At 400 nm laser
source, the device shows high photocurrent (0.15 mA) and high photoresponsivity (2 x 109
A/W) for END1 at 298 K and start to decrease after 800 nm. It is notable that END1 and END181

graphene exhibit peaks at 1.51 eV, which demonstrates that the photoinduced carriers are only
generated in in this wavelength region. This is due to the fact that efficient photoconductance
appears in a END1 film at h𝛎 > 1.55 eV, which can be attributed to the enhanced transfer of
photoinduced electrons from the lowest unoccupied molecular orbital (LUMO) of END1 to
graphene, which minimizes the charge recombination rate, which shows that photodynamically
charge was transferred from graphene to END1. The D and EQE of Sc3N@C80 was 2.89 x 1012
Jones and 0.08 at 298 K. Similar trend was observed for the END1-graphene from 400-1100
nm wavelength.The photocurrent and photoresponsivity for END1-graphene at 400 nm was
found to be 0.6 mA and 4 x 109 A/W. Also, the detectivity and EQE of END1-graphene was
9.6 x 1015 Jones and 2.14 at 298 K.

Figure 3.18: AFM of END2-graphene and END2. (a) and (b) (i) Large area AFM scan, (ii)
Magnified area AFM scan of (i), and (iii) Scan directions from A to B of END2 and END2graphene. The AFM results reveals the agglomeration of END2 clusters on top of graphene
membrane in form of islands of 45-55 nm high and 184-240 nm in diameter.
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3.2 GRAPHENE-LA@C82 HYBRID

Figure 3.19: Raman spectra of graphene and END2-graphene. Inset shows the Raman spectrum
of a thick END2 film. The peaks at 630, 692, 733, and 794 cm-1 represents the internal
vibrational mode of END2. In the END2-graphene hybrid, we observe a new peak at 789 cm-1
due to intramolecular electron transfer from END2 to graphene, since La atoms donate electrons,
so that the endohedral complex is stable.

To shed more insight on our analysis of graphene-endohedral hybrid and to support our
work, we also deposited another endohedral END2 on top of graphene membrane. We have used
the same methodology as discussed in Section 2.1, where 0.3 mg of END2 was dissolved in 1 mL
of o-DCB, and again graphene was mechanically exfoliated on SiO2 substrate. After the
electrophoretic deposition of END2 on Au/Ti electrodes and END2 on graphene membrane, the
devices were vacuum annealed for 24 hours at 180°C.
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Figure 3.20: Expanded Raman spectra of the G and 2D-band of graphene and END2-graphene.
The G and 2D-band of graphene observes a Δω(-) shift from 1580 cm-1 to 1574 cm-1 and band
from 2704 cm-1 to 2692 cm-1 for the hybrid.
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Figure 3.21: I-V characteristics of graphene, END2, and END2-graphene hybrid at room
temperature. The high I-V curve after electrophoretic deposition of END2 reveals the superiority
of the END2-graphene hybrid which clearly shows some charge was transferred from graphene
to END2.

Figure 3.17(a)-(d) show typical SEM images of END2 and END2-graphene under low
and high magnification, where the inset of Figure 3.17(b) shows the graphene device. From
Figure 3.17(a) and (b), it is observed that individual atoms of endohedral END2 were aggregated
on top of graphene membrane, which was further confirmed by AFM measurements. The height
profile measurements were performed over an area of 15 μm× 15 μm as shown in Figure
3.18(a)(i)) and 1.1 μm× 1.1 μm Figure 3.18(b)(ii)), respectively, with the scanning speed of 1 Hz
over the scan direction from A to B as seen in Figure 3.18(b)(iii). Similar AFM measurements
were performed for END2-graphene hybrid as shown in Figure 3.18(b)(i)-(iii). The AFM results
reveals the agglomeration of END2 clusters on top of graphene membrane in form of islands of
45-55 nm high and 184-240 nm in diameter.
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Figure 3.22: Photoresponse of graphene, END2, and END2-graphene. ON (yellow colour)
indicate the duration for which light was turned on and OFF is the duration when light was
turned off. The responsivity of the END2-graphene device measured was ∼ 8 x 108 A/W. (c)
Indicate the selection of the data of (b) used to calculate τr and τd. Inset shows the values of τr, τd
and ℛ of END2-graphene, and END2.
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Figure 3.23: (a) Iph, and (b) ℛ, as a function of laser wavelength (400-1100 nm) at room
temperature. The devices were responsive and shows responsivity of ~ 108 A/W for END2graphene and ~ 107 A/W for END2. This is due to the fact that END2 shows broad absorption
bands over the entire visible and near-IR region.
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Figure 3.24: (a) D, and (b) EQE of END2 and END2-graphene as a function of laser
wavelength (400-1100 nm) at room temperature. the D and EQE of the hybrid device was
found to be ~ 1014 Jones and ~ 106 % for END2-graphene at λ = 600 and 1000 nm.
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The hybrid was further characterized using Raman Spectroscopy. Figure 3.19 shows the
Raman spectra of graphene and END2-graphene hybrid at room temperature, where the inset in
Figure 3.19 shows the Raman spectra of END2 film. The peaks at 630, 692, 733, and 794 cm-1
represents the internal vibrational mode27 of END2. The G-peak of graphene is red shifted from
1580 to 1574 cm-1 shown in Figure 3.20(a) and 2D-peak from 2704 to 2692 cm-1 shown in Figure
3.20(b). In the END2-graphene hybrid, we observe a new peak at 789 cm-1 (with relative
normalised peak intensity for I ~ 0.04 a.u.) due to intramolecular electron transfer from END2 to
graphene, since La atoms has three valence electrons in its outermost shell and to become stable
it donates the electron.28

Figure 3.25: Schematic representation of the energy levels of graphene and END2-graphene
illustrating the charge transport between graphene and END2 interface. At the END2-graphene
interface, light is absorbed by END2 and the photo-generated carriers are created. Since, La atom
has three valence electrons present in its shell and donate its electron to become stable due to
which LUMO level of END2 shifts by 4 eV.

Electrical measurements of graphene membrane, END2 and, END2-graphene hybrid were
carried out to compare the electrical behavior of these devices at room temperature shown in
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Figure 3.21. The higher slope curve after electrophoretic deposition of END2 reveals the
superiority of the END2-graphene hybrid which clearly shows some charge was transferred from
graphene to END2. The hybrid show enhanced photocurrent when illuminated using white light
under vacuum for optoelectronic measurements. The photoresponse of the device was measured
with time as shown in Figure 3.22(a). The ℛ values of the END2-graphene measured was ∼ 8 x
108 A/W. Also, we calculated the time constants for END2-graphene, τr ~2.2 ms and τd ~3.9 ms,
respectively shown in Figure 3.22(b). The hybrid was further exposed to wide range of
broadband spectrum (400-1100 nm) shown in Figure 3.23(a) and (b). The devices were
responsive and shows responsivity of ~ 108 A/W for END2-graphene and ~ 107 A/W for END2.
This is due to the fact that END2 shows broad absorption bands over the entire visible and nearIR region.40 Also, we have calculated the D and EQE of the hybrid device and was found to be ~
1014 Jones and ~ 108 for END2-graphene shown in Figure 3.24(a) and (b). On the basis of the
enhanced photoresponse, Figure 3.25 shows the band-diagam of END2 and graphene. At the
END2-graphene interface, light is absorbed by END2 and the photo-generated carriers are
created. Since, La atom has three valence electrons present in its shell and donate its electron to
become stable due to which LUMO level of END2 shifts by 4 eV,39 which is close to the work
function of graphene, therefore, it is easy to transfer the electron from END2 to graphene.38
Moreover, it is found that the oxidation potential of END2 is about 0.07,28 nearly close to zero
which means that END2 is a good electron donor. The best photoresponsivity of ~109 A/W and ~
108 A/W across the broadband spectrum are observed for the END1-graphene and END2graphene fabricated in this study.
3.3 CONCLUSION
In summary, the photodetectors based on graphene-endohedrals were fabricated. Raman
spectrum shows that there was a charge transfer from endohedrals to graphene. The blue shift in
case of END1-graphene hybrid and red shift in END2-graphene hybrid show that graphene acts as
an electron donor in the first case and as an electron acceptor in the latter case. SEM images
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shows the aggregation and attachment of endohedrals on top of graphene membrane via strong
intermolecular and intramolecular dispersion forces. Both END1-graphene and END2-graphene
display a strong photoresponse under illumination. The photoinduced free holes (or electrons)
are injected into graphene which leads to high photoresponsivity and detectivity of the hybrid.
The photoresponsivity and detectivity of END1-graphene hybrid reached values exceeding 109
A/W and 1015 Jones, and for END2-graphene hybrid 108A/W and 1014 Jones, respectively. We
believe that the graphene-endohedral based hybrids may offer new attractive insights for use in
future graphene-based photonic devices.
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Chapter 4. Photo-induced Charge Transfer and Exciton-Trion Dynamics in
2D monolayer WSe2 and 0D Hybrid System
In this chapter, we have demonstrated that the optical properties of WSe2 can be tuned via
electrophoretically depositing 0D material (fullerenes/gold nanoparticles). Fullerenes have been
used as an electron transport layer for organic solar cells with high quantum yields, and they can
maintain their molecular structures even at high temperatures.78,169 On the other hand,
AuNP have been utilized for centuries due to the vibrant colors produced by their interaction
with visible light. More recently, these unique optoelectronic properties have been researched
and utilized in high technology applications such as sensory probes, therapeutic agents, drug
delivery in biological and medical applications, electronic conductors and catalysis.110,170 The
optical and electronic properties of AuNP are tunable by changing the size, shape, surface
chemistry, or aggregation state.109 Fullerene-C60 and AuNP were deposited on monolayer WSe2
and were investigated by PL and Raman spectroscopy measurements at high temperatures.
Furthermore, the optical spectra of 0D-WSe2 hybrid system show well-resolved exciton and trion
transitions, enabling new insights from the optics experiments into the physics of these materials.
The type of charge transfer at each interface is identified from the ratio between the PL intensity
of the exciton and that of the trion, thus band alignments between TMDCs and 0D materials are
determined. The shift in PL and Raman spectra of 0D-WSe2 hybrids is attributed to the dominant
trion emission caused by the p-doping effect in WSe2 at room temperature. Owing to charge
transfer from WSe2 to C60/AuNP, the hybrid photodetector shows a responsivity of 103 A/W,
which is much higher than that of the WSe2-based device.115,141
4.1 EXPERIMENTAL PROCEDURE
The direct growth of a WSe2 nanosheet on a 270 nm SiO2/Si substrate by chemical vapor
deposition (CVD) method was performed using the halide assisted method.73 The device
fabrication process involves alignment of WSe 2 nanosheets and then patterning 100 nm thick
gold (Au) electrodes via lift off process. For the electrophoretic deposition, we decorated WSe2
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nanosheets first by using 1 mL suspension solution of gold nanoparticles (AuNP) in PBS, and
then using 45 µM of C60 in toluene solution mixed with acetonitrile:toluene (3:1 v/v).145 Pristine
C60 films cannot be deposited directly on WSe2 nanosheet, thus it is necessary to form the
clusters of C60 in the mixed solvents 171. In the presence of a polar solvent such as acetonitrile the
C60 clusters become charged, facilitating their deposition on the desired surface. The voltage was
applied to the Au contacts and current was measured without a 0D material solution injected at 0
V. The procedure followed was similar as discussed in Section 2.1.

Figure 4.1: Schematic representation of the hybrid device showing aggregation of 0D material
on WSe2 nanosheets after electrophoretic deposition. The hybrid devuce was baked for 5 min at
180 C to remove the residue of the solvents.

After sometime, the solution was injected and at the same time voltage was increased to
0.2 V and the current value was measured. A drop of the suspension was always injected
whenever the current saturates. The voltage was increased simultaneously from 0.2 V to 1 V
with 0.2 V step. As the voltage was increased, the current increased gradually, and the
suspension solution starts to deposit on top WSe2 nanosheets. It was observed that as we increase
the voltage, current starts to increase, suggesting that higher the value of current, more
aggregation of the clusters/NPs. When all the clusters/NPs were deposited, the current starts to
saturate because of Joule heating in the WSe2 channel as the resistance increases. The
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instantaneous current peaks in the device could be caused by Van der Waals interaction and hole
transfer from the C60/AuNPs to WSe2.56 The measurements were recorded continuously to
monitor the device behaviour. To remove the residue of the suspension solutions, the WSe2-C60
and WSe2-AuNPs hybrids material were annealed at 120 °C for 24 hrs, above the boiling point
temperature of PBS and toluene-acetonitrile mixture in order to obtain the final hybrid devices as
shown in Figure 4.1. Figure 4.2 shows the absorption of AuNP in PBS and 45 µM of C60 in
acetonitrile-toluene solution. The AuNP shows an absorption peak at 520 nm,109 whereas C60
exhibits a structureless broad absorption in 400-700 nm region.147

Figure 4.2: Absorbance of C60 and AuNP. The AuNP shows an absorption peak at 520 nm (2.38
eV), whereas C60 exhibits a structureless broad absorption in 400-700 nm (1.7-3 eV) region.
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Figure 4.3: (a)(i) Small area AFM scan. (ii) Large area AFM scan of (i) over the scan direction
from A to B. The measured thickness of the WSe2 nanosheet is 5.4 nm. (b) and (c) Similar AFM
measurements were performed for WSe2-AuNP, and WSe2-C60 hybrids The AFM results reveal
clustering of AuNPs on the WSe2 film in form of islands of 2-5 nm high and 5-7 nm in diameter,
and clustering of C60 on the WSe2 film in form of islands of 3.5-8 nm high and 100-210 nm in
diameter.
4.2 EXCITON-TRION DYNAMICS
The hybrids were further characterized using Raman spectroscopy. Figure 4.4 shows the Raman
spectra of WSe2 nanosheets, WSe2-AuNP and WSe2-C60 hybrids. The E12g and A1g modes were
observed at around 248 and 258 cm−1 in monolayer WSe2, respectively.70 However, the E12g and
A1g peaks observe a blue-shift after C60 and AuNPs deposition and is expected to be a result of p95

doping because of the change in the hole-phonon coupling of the A1g mode172 which could be
due to the hole transfer from C60/AuNPs to WSe2 nanosheets. In addition to the change in Raman
peak shift, the photoluminescence (PL) spectra intensity for the monolayer WSe2 flake with a
strong emission corresponding to the A exciton (black curve) at ∼ 740 nm (around 1.68 eV)5
shown in Figure 4.5, becomes lower and observes a blue shift after AuNP/C60 deposition.

Figure 4.4: Room temperature Raman spectra for WSe2, WSe2-AuNP and WSe2-C60. The E12g
and A1g peaks observe a Δω(+) shift after C60 and AuNPs deposition and is expected to be a result
of p-doping because of the change in the hole-phonon coupling of the A1g mode which could be
due to the hole transfer from C60/AuNPs to WSe2 nanosheets.
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Figure 4.5: PL spectra for WSe2, WSe2-AuNP and WSe2-C60. PL spectra becomes lower and
observes a Δω(+) shift after AuNP/C60 deposition. The PL intensity of the trion is relatively
increased in the hybrids. This could be due to the electron accepting nature of C 60 and surface
plasmon adsorption of AuNPs leading to electron transfer, which reflects the charge transfer at
the interface between WSe2 nanosheets and C60/AuNPs.

The PL spectra is further explained by the relationship between the exciton and the trion,
by decomposing into two Lorentzians representing the exciton (X-) and trion (X+) components.56
Trions in the solid state were originally reported for quantum wells at low temperature,173 and
their existence is often associated to localization effects. The first important difference for trions
in TMDCs is that their signature is not just observed at low temperature but upto room
temperature.174 The direct band gap of monolayer TMDCs is in the visible frequency range, ideal
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for the exploration of optoelectronic applications and semiconductor optics. Upon the absorption
of a photon from an optical field, a valence band electron can be excited to the conduction band,
and the vacancy left behind in the valence band is usually described as a hole which is a
quasiparticle carrying positive charge.

Figure 4.6: Variation of E12g and A1g peaks with temperature of the hybrids and WSe2
nanosheets. The peak observes a Δω(-) shift with increase in temperature which is mainly due to
the contribution from thermal expansion or volume contribution and from the temperature
contribution that results from anharmonicity.

The attractive Coulomb interaction between the conduction band electron and the valence
band hole can bound them into a hydrogen-like state, known as exciton, which is an elementary
excitation that plays key role in optoelectronic phenomena. The bound electron–hole pair can
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also capture an extra electron or hole to form a negatively or positively charged exciton, also
known as trion. Through the optical interband transition described above, excitons can be
interconverted with photons, where the 2D geometry makes possible the remarkable electrostatic
tunability between the neutral and the two charged configurations through controlled doping.56
The PL intensity of the X− peak at ∼ 1.67 eV is greater than that of the X+ at ∼1.72 eV in
monolayer WSe2, which suggest that monolayers of WSe2 are dominated by excitons. After
C60/AuNPs deposition, we find that the PL intensity of the trion is relatively increased in the
hybrids. This could be due to the electron accepting nature of C60129 and surface plasmon
adsorption of AuNP109 leading to electron transfer, which reflects the charge transfer at the
interface between WSe2 nanosheets and C60/AuNPs.

The intensity ratio of the trion and exciton for WSe2-C60 (
(

) was high compared to WSe2 nanosheets (

) and WSe2-AuNPs

), as X+ peak was the dominating

peak in the hybrids which suggests p-type doping in WSe2 hybrids. In contrast, the PL intensity
of monolayer WSe2 is suppressed by the hole injection, as shown in Figure 4.5. The PL intensity
suppression arises primarily from the decrease in the exciton PL intensity, whereas the trion PL
is increased. These results suggest that the holes from the p-type dopant (C60/AUNPs) are
additionally doped into monolayer WSe2. Hence, it can be concluded that C60/AuNPs deposited
on WSe2 nanosheets imposes a strong interaction to WSe2, which changes the optical properties
of WSe2.
Further, high temperature Raman measurements in Figure 4.6 were also performed to
shed more insights onto the thermal transport, the phonon–phonon and electron–phonon
interaction for a better understanding of thermodynamic properties of the hybrids with WSe 2
nanosheets. We observed that all modes are redshifted with increase in temperature. A shift in
the E1g (Δω(-) = 5.10 cm-1) and A1g (Δω(-) = 3.54 cm-1) modes was observed from 298 to 873 K
for WSe2 nanosheets. The WSe2-C60 hybrid observed a shift of E1g (Δω(-) = 5.12 cm-1) and A1g
(Δω(-) = 3.58 cm-1) and similarly, WSe2-AuNPs hybrid with E1g (Δω(-) = 5.06 cm-1) and A1g (Δω(99

)

= 3.49 cm-1) from 298 to 873K. The red shift in the peaks is mainly due to the contribution from

thermal expansion or volume contribution and from the temperature contribution that results
from anharmonicity175 Figure 4.7 shows the PL spectra at high temperatures for the WSe2
nanosheets and the hybrids which is blue shifted (as the neutral exciton PL dominates) following
the reduction of the band gap at increased temperature. This evolution, very typical for
semiconductors, can be reproduced by the band gap versus temperature relations, and equally
well by using the Varshini’s semi-empirical equation176 given by:
(4.1)
where Eg(0) is the band gap at absolute zero, and α and β are the fitting parameters and are called
as Varshini coefficients. The constant α is related to the electron/exciton–phonon interaction and
β is closely related to the Debye temperature (𝜣) by the relation of

.177 Although this

relationship describes the evolution of band gap, it reproduces the exciton resonance energies
equally well, which suggests the dominance of neutral excitons at high temperature. In our case,
the band gap Eg(0) for WSe2 nanosheets, WSe2-C60 hybrid and WSe2-AuNPs was found to be
1.64, 1.56, and 1.58 eV shown in Figure 4.8. The experimental data values were fitted and we
found α and β values for WSe2 nanosheets was 60 meV and 57 K, for WSe2-C60 was 69 meV and
60 K and for WSe2-AuNPs was 65 meV and 59 K, respectively. From the fitted value of β, the
value of 𝜣 is estimated to be 154 K for WSe2 nanosheets, 160 K for WSe2-C60, and 158 K for
WSe2-AuNPs.
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Figure 4.7: PL spectra at high temperatures for the WSe2 nanosheets and the hybrids. The PL
spectra observes a Δω(+) shift, as the neutral exciton PL dominates following the reduction of the
band gap as the temperature is increased.
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Figure 4.8: Exciton peak energy in monolayer WSe2, WSe2-C60, and WSe2-AuNP, resoectively
as a function of temperature. The red line shows the linear fit of the band gap versus temperature
relations using the Varshini’s semi-empirical equation. The experimental data values were fitted
and we found α and β values for WSe2 nanosheets was 60 meV and 57 K, for WSe2-C60 was 69
meV and 60 K and for WSe2-AuNPs was 65 meV and 59 K, respectively. From the fitted value
of β, the value of 𝜣 is estimated to be 154 K for WSe2 nanosheets, 160 K for WSe2-C60, and 158
K for WSe2-AuNPs.
4.3 ELECTRONIC TRANSPORT MEASUREMENTS
In order to understand the electronic transport characteristics of our hybrid devices, we
conducted R-T measurements of our devices from 5.8 k to 300 K. Figure 4.9(a), (b) and (c)
shows the variation of current with voltage for the WSe2 nanosheets, WSe2-AuNPs and WSe2C60 hybrids. For WSe2 nanosheets, as T increases, the I also increases due to thermal
excitation of the carriers resulting in a more Ohmic behavior at 300 K compared to 5.8 K .142
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Figure 4.9: I-V of (a) WSe2, (b) WSe2-AuNP, and (c) WSe2-C60 at different temperatures (inset
shows the optical micrographs of the devices). As T increases, the I also increases due to
thermal excitation of the carriers resulting in a more Ohmic behavior at 298 K.
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Figure 4.10: Logarithmic plot of ln R as a function of 1000/T, where the red lines show the
linear fit of the data. The results suggest aggregation of C60/AuNPs on top of the WSe2
nanosheets which is governed by van der Waals interactions in 2D heterostructures.
Table 4.1: Ea and r2 fitting values for WSe2, WSe2-C60, and WSe2-AuNP hybrids for Region I
(60 K-300 K) and Region –II (5.8 K-50 K)

Device

Region I

Region II

(60 K - 300 K)

(5.8 K - 50 K)

Ea (meV)

r2

Ea (meV)

r2

WSe2

1.2

0.915

1.8

0.994

WSe2-C60

0.76

0.926

0.82

0.993

WSe2-AuNP

0.81

0.901

0.93

0.991
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For the hybrids, the electrons diffuse to C60/AuNPs creating holes in the WSe2
nanaosheets due to which the current values increases for the hybrids. The hybrids device
showed reproducible conductive behavior originating from the electron-accepting nature of the
C60 molecules129 and surface energy transfer of AuNPs.109 These results suggest that there was
aggregation of C60/AuNPs on top of the WSe2 nanosheets which is governed by van der Waals
interactions in 2D heterostructures.16,17 This data was fit into the Arrhenius model using denoted
by equation (2.1) and (2.2) (Section 2.3), where a linear relationship is expected between the ln
R(T) versus T plot. When plotting ln R (T) as a function of 1000/T shown in Figure 4.10, the
activation energy was extracted Ea, and fitting parameter r2 were tabulated for WSe2, WSe2AuNP, and WSe2-C60, respectively are represented in Table 4.1. The hybrid devices here shows
low activation energy178 which means C60/AuNPs helps to minimize degradation of the device to
perform considerably better at high temperature.179

Figure 4.11: Photoresponse of WSe2 and WSe2 hybrid devices. The devices exhibits faster
response time,

rise

~ 110 ms and decay time,

light source for WSe2 nanosheets, ,
148 ms and

decay ~

rise

decay

~ 160 ms and

235 ms for WSe2-AuNP.
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~ 156 ms upon the illumination of white
decay ~

210 ms for WSe2-C60, and ,

rise

~

Figure 4.12: Schematic illustration of energy transfer mechanism of surface plasmons via
AuNPs on WSe2 nanosheets. The electron transfer takes place from the excited semiconductor to
NPs until photoequilibrium is established between metal and semiconductor.

Figure 4.13: Band diagram illustrating the charge transport between WSe2 nanosheets and C 60
at equilibrium and under illumination. The photoexcited carriers were generated efficiently at
WSe2-C60 interface upon illumination. The photogenerated holes in C60 layer are transferred to
monolayer WSe2 and circulated under the applied electric field of VDS, while photogenerated
electrons are trapped in C60.
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Figure 4.14: Photocurrent following the power law dependence as

for WSe2, WSe2-

AuNP, and WSe2-C60. This increment in linearity is a characteristic feature of photocurrent
indicating that the minimal contribution of the Joule heating in the material.
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Figure 4.15: Iph as a function of incident optical power P for WSe2, WSe2-AuNP and WSe2-C60
at 1V. Iph is decreased with increase in light intensity due to more excitons generation at high
power.
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Figure 4.16: ℛ and D (inset) as a function of incident optical power P for WSe2, WSe2-AuNP
and WSe2-C60. The incident light radiation leads to multifaceted mechanisms to arise comprising
of carrier generation, separation and transport processes of photoexcited carriers within the WSe2
nanosheets and the hybrids which influence the photoresponse at high power densities.
4.4 PHOTO-INDUCED CHARGE TRANSFER
Further, the devices were illuminated using white light to study the optoelectronic
properties as shown in Figure 4.11. Photocurrent was extracted from the measurements done in
absence of light (Idark) and in presence of light (Ilight). The devices exhibits faster response time,
rise

~ 110 ms and decay time,

WSe2 nanosheets, ,

rise

decay

~ 156 ms upon the illumination of white light source for

~ 160 ms and

decay

~ 210 ms for WSe2-C60, and ,
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rise

~ 148 ms and

decay ~

235 ms for WSe2-AuNPs. Figure 4.12 shows the schematic illustration of energy transfer

mechanism of surface plasmons111 via AuNPs on WSe2 nanosheets. The adsoption of AuNPs is
because of the resonant oscillation of conduction band of metal resulting in electron-electron
relaxation. The high energy electrons after photoexcitation undergo collisons with other electrons
present in volume of nanoparticles. Hot electrons loses kinetic energy and are trapped on the
surface of AuNPs. Also, the metallic NPs store the photogenerated electrons coming from
TMDCs. The electron transfer takes place from the excited semiconductor to NPs until
photoequilibrium is established between metal and semiconductor. Figure 4.13 shows the band
diagram illustrating the charge transport between WSe 2 nanosheets and C 60. Under
illumination, photoexcited carriers were generated efficiently at WSe2-C60 interface and
separated at p–n junction driving by the build-in field between C60 and WSe2 monolayer. The
photogenerated holes in C60 layer are transferred to monolayer WSe2 and circulated under the
applied electric field of VDS, while photogenerated electrons are trapped in C60 due to the
electron accepting nature of C60.136 The photoresponsivity of the photodetector was calculated
using the relation discussed in Section 2.4. The photocurrent and responsivity were calculated as
a function of incident power shown in Figure 4.14(a)-(c).
The photocurrent follows the power law dependence as

, where B is a constant

and 𝛉 was found to be 0.01 for WSe2 nanosheets, 0.04 for WSe2-AuNPs, and 0.06 for WSe2-C60.
This increment in linearity is a characteristic feature of photocurrent indicating that the minimal
contribution of the Joule heating in the material as in case of bismuth selenide.180 The
responsivity of the was calculated to be ~ 8 × 101 A/W, ~ 2.1 x 103 A/W, and ~ 0.9 x 103 A/W
and detectivity to be 7.9 x 108 Jones, 8.37 x 1013 Jones, and 7.83 x 1012 Jones for WSe2
nanosheets, WSe2-C60 and WSe2-AuNPs, respectively at an incident power of 15.85 nW at 300 K
at V = 1 V. The ℛ for WSe2-C60 was 10 times higher compared to the responsivity of the WSe2based photodetectors reported earlier.115,141 Figure 4.15(a)-(c) depicts the temperature
dependency of Iph where Iph decreases for T < 300 K, and both ℛ and D in Figure 4.16(a)-(c) are
decreasing with increasing light intensity, but exhibit saturation at higher power density levels,
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whereas Iph is increasing. The incident light radiation leads to multifaceted mechanisms to arise
comprising of carrier generation, separation and transport processes of photoexcited carriers, and
trap states5 within the WSe2 nanosheets and the hybrids which influence the photoresponse at
high power densities.

Figure 4.17: (a) Iph, (b) ℛ, (c) D, and (d) EQE of WSe2, WSe2-AuNP, and WSe2-C60 as a
function of laser wavelength (400-1100 nm) at room temperature. The device was responsive and
shows high responsivity of ~ 103 A/W for WSe2-C60 is 10 times more compared to WSe2-AuNP.
D and EQE was found to be ~ 1013 Jones and ~ 5.8 x 104 (%) for WSe2-C60 hybrid.
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In order to demonstrate the ultra-high broadband photoresponse of the WSe2 based
photodetectors, a tunable laser source with 1 nm of resolution, was used to measure the
photoresponse as a function of wavelength from 400 nm to 1100 nm source in 100 nm
increments. The measurements were conducted in vacuum and from Figure 4.17(a)-(c), it can be
seen that Iph, ℛ and D varied over the 400 nm to 1100 nm spectral range at VDS ~ 1 V and is
highest for WSe2-C60 hybrid. Thus, here we clearly demonstrate the broadband nature of our
photodetector which exhibits an outstanding performance over the entire spectral regime from
the UV to the near-IR. The photodetector reported here is more than 10 times superior compared
to other counterparts.115,181 The EQE is shown in Figure 4.17(d) as a function of λ, where EQE
varies from 2.8 x 103 to 2.4 × 102 within the 400 nm–1100 nm range for WSe2-C60. In contrast
with photovoltaic cells, when VDS is applied in photodetectors, the EQE can be higher than 1 due
to the external electric field contributing to extend the lifetime of the photogenerated carriers so
more than one electron-hole pair is generated per incident photon. The peak observed at 738 nm
coincides with the direct hot-luminescence A peak at 1.68 eV, whereas peak observed at 520 nm
and 800 nm coincides with the absorption of AuNPs,109 and C60.159
4.5 CONCLUSION
High performance hybrid photodetectors for broadband detection based on C60/AuNPs and 2D
WSe2 monolayer were fabricated. The photoexcited carriers in C60 and AuNPs are transferred to
monolayer WSe2. When carriers are injected to WSe2, the recombination of excitons is
suppressed and the formation of trions is enhanced. It is found from this criterion that C60 and
AuNPs molecules act as the p-type donor to WSe2. The band alignment between WSe2 and
C60/AuNPs shows the charge transfer which is also confirmed as frequency shifts of Raman. The
responsivity and detectivity of WSe2-C60 hybrids was 103 A/W and 1013 Jones, which was high
compared to other TMDCs based phototdetectors. This work will provide an effective approach
to enrich the material selection and broaden their device application fields, which is significant
for applications in optoelectronic and chemical sensing devices.
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Chapter 5. Probing the Charge Carrier Dynamics in Quantum Dots and
Sc3N@C80 endohedrals integrated with monolayer WSe2
We have demonstrated a monolayer WSe2 nanosheet and 0D material hybrid structure for
photodetection, where the 0D materials (Sc3N@C80 endohedral and quantum dots) induced
electron in WSe2 nanosheets. Our hybrid devices show high responsivities of 104 A/W and
detectivity of 1013 Jones at the wavelengths of 400-1100 nm, respectively. Additionally, because
of the narrow band gap of the multilayer WSe2, the spectral response of the hybrid covers the
visible to near-infrared spectral range. Our experimental results pave the way for developing
broadband photodetectors with ultrahigh sensitivity based on low-dimensional hybrid
architectures.
5.1 CHARGE CARRIER DYNAMICS IN WSE2-BASED HYBRID SYSTEM
The WSe2 device was fabricated using the same methodology as describe in Chapter 4. We used
1 mg of endohedral, Sc3N@C80 dissolved in 1 mL of ortho-dichlorobenzene (o-DCB) and with 1
mL colloidal solution of CdSe QDs (25 mg in 5mL of toluene) to deposit electrophoretically on
top of WSe2 nanosheets. The electrophoretic deposition used was similar as discussed in Section
4.1. To remove the residue of the suspension solutions, the WSe2-Sc3N@C80 and WSe2-QD
hybrids material were annealed at 180 °C for 24 hrs, above the boiling point temperature of oDCB and toluene. To determine the thickness of WSe2 nanosheet and the hybrids, atomic force
microscope (AFM) was employed as shown in Figure 5.1(a), (b) and (c) shows the AFM
measurements of WSe2 nanosheets, WSe2-AuNP, and WSe2-C60. The height profile
measurements were performed using AFM over an area of 15 μm× 15 μm as shown in Figure
1(a)(i), and subsequently over a smaller area of 1.1 μm× 1.1 μm in Figure 1(a)(ii), respectively,
at a scan speed of 1 Hz over the scan direction from A to B, as shown in Figure 1(a)(iii). The
measured thickness of the WSe2 nanosheet is 5.4 nm. Similar AFM measurements were
performed for WSe2-AuNP, and WSe2-C60 hybrids shown in Figure 1(b) and (c)(i)-(iii). The
AFM results reveal clustering of AuNPs on the WSe2 film in form of islands of 6.4-18.8 nm high
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and 97-170 nm in diameter, and clustering of C60 on the WSe2 film in form of islands of 2.4-8.5
nm high and 125-190 nm in diameter.

Figure 5.1: (a), (b) and (c) shows the AFM measurements of WSe2 nanosheets, WSe2-AuNP,
and WSe2-C60. (a)(i) Small area AFM scan. (a)(ii) Large area AFM scan of (i) over the scan
direction from A to B. The measured thickness of the WSe2 nanosheet is 5.4 nm. (b) and (c)
Similar AFM measurements were performed for WSe2-AuNP, and WSe2-C60 hybrids. The AFM
results reveal clustering of AuNPs on the WSe2 film in form of islands of 6.4-18.8 nm high and
97-170 nm and C60 of 2.4-8.5 nm high and 125-190 nm in diameter.
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Raman and photoluminescence (PL) spectra were utilized to investigate the spectrum
evolution between the WSe2 nanosheets and the hybrids channel. Figure 5.2 shows the Raman
spectra of WSe2 nanosheets, WSe2-Sc3N@C80 and WSe2-QD hybrids. The red shift of Raman
peaks indicated the decrease of charge densities caused by the p-type injection of the 2Dmaterial,131 which could be due to the electron transfer from Sc3N@C80/QDs to WSe2
nanosheets. Figure 5.3 showed the PL spectra of WSe2 nanosheets, with a strong emission
corresponding to the A exciton (black curve) at ∼ 740 nm (around 1.68 eV).5

Figure 5.2: Room temperature Raman spectra for WSe2, WSe2-CdSe and WSe2-Sc3N@C80. The
E12g and A1g peaks observe a Δω(-) shift after CdSe and Sc3N@C80 deposition and is expected to
be a result of n-doping because of the change in the hole-phonon coupling of the A1g mode.
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Figure 5.3: PL spectra for WSe2, WSe2-Sc3N@C80 and WSe2-CdSe. PL spectra becomes lower
and observes a Δω(-) shift after Sc3N@C80/CdSe deposition. The PL intensity of the exciton is
relatively increased in the hybrids. This could be due to the electron donating nature of
Sc3N@C80, which reflects the charge transfer at the interface of the hybrids.

The PL spectra of WSe2 hybrids observes a red shift and decrease in PL intensity which
can be explained in terms of exciton (X-) and trion (X+) formations by using Lorentzians
decomposition at room temperature.56,173 The PL intensity of the X− peak at ∼ 1.67 eV is greater
than that of the X+ at ∼1.72 eV in monolayer WSe2, which suggest that monolayers of WSe2 are
dominated by excitons. For the hybrids, we observed that the PL intensity of the trion is high.
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This could be due to the electron injection in WSe2 nanosheets leading to hole transfer in hybrids
at the interface. The intensity ratio of the trion and exciton for WSe2-Sc3N@C80 (
WSe2-QD (

) was high compared to WSe2 nanosheets (

) and

), which suggests that

the endohedral and QDs injects electrons WSe2. In contrast, the PL intensity of monolayer WSe2
is decreased by the injection of electrons, as shown in Figure 5.3. Hence, it can be concluded that
Sc3N@C80/QD deposited on WSe2 nanosheets imposes a strong interaction to WSe2, which
changes the optical properties of WSe2.

Figure 5.4: Variation of E12g and A1g peaks with temperature of the hybrids and WSe2
nanosheets. The peak observes a Δω(-) shift with increase in temperature which is mainly due to
the contribution from thermal expansion or volume contribution and from the temperature
contribution that results from anharmonicity.
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Figure 5.5: PL spectra at high temperatures for the WSe2 nanosheets and the hybrids. The PL
spectra observes a Δω(+) shift, as the neutral exciton PL dominates following the reduction of the
band gap as the temperature is increased.
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Figure 5.6: Exciton peak energy in monolayer WSe2, WSe2-C60, and WSe2-AuNP, respectively
as a function of temperature. The red line shows the linear fit of the band gap versus temperature
relations using the Varshini’s semi-empirical equation. The experimental data values were fitted
and we found α and β values for WSe2 nanosheets was 60 meV and 57 K, for WSe2-CdSe was 63
meV and 56 K and for WSe2-Sc3N@C80 was 64 meV and 59 K, respectively.

To shed more insights onto the optical propertied of WSe2, high temperature Raman
measurements (Figure 5.4) were also performed. We observed that all modes are redshifted with
increase in temperature. The E12g mode (in plane) and A1g mode (out of plane) between WSe2
nanosheet and WSe2 hybrids observes a red shift with increasing temperatures due to the
contribution from thermal expansion of the material.175 Figure 5.5 shows the blue shift in the PL
spectra at high temperatures for the WSe2 nanosheets and the hybrids which is dominated by
neutral exciton. Figure 5.6 shows the decrease in the band gap as the temperature increases for
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WSe2 and the hybrids, which is typical for a semiconductor suggesting the dominance of neutral
excitons at high temperature and is given by using the Varshini’s semi-empirical equation as
decribed in equation (4.1).
In our case, the band gap Eg(0) for WSe2 nanosheets, WSe2-CdSe hybrid and WSe2Sc3N@C80 was found to be 1.64, 1.74, and 1.72 eV. The experimental data values were fitted
and we found α and β values for WSe2 nanosheets was 60 meV and 57 K, for WSe2-CdSe was 63
meV and 56 K and for WSe2-Sc3N@C80 was 64 meV and 59 K, respectively. We have also
conducted R-T measurements of our devices from 5.8 k to 298 K. Figure 5.7(a), (b) and (c)
shows the variation of current with voltage for the WSe2 nanosheets, WSe2-Sc3N@C80 and
WSe2-QD hybrids. As the temperature increases, the IDS also increases for the WSe 2
nanosheets due to thermal excitation of the carriers resulting in a more Ohmic behavior at 298
K compared to 5.8 K.142
For the hybrids, the holes are diffused to endohedral/QD due to which the current values
increases for the hybrids. The conduction in the hybrids is mainly to the excess of holes. These
results suggest that there was aggregation of 0D material on top of the WSe2 nanosheets which is
governed by van der Waals interactions in 2D heterostructures.16,17 This data was fit into the
Arrhenius model (Section 2.3), where a linear relationship is expected between the ln R(T) versus
T plot. When plotting ln R(T) as a function of 1000/T in Figure 5.8, the activation energy was
extracted Ea, and fitting parameter r2 were tabulated in Table 5.1 for WSe2, WSe2-CdSe, and
WSe2-Sc3N@C80, respectively. The hybrid devices here shows low activation energy178 which
means low degradation of the device to perform considerably better at high temperature.179
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Figure 5.7: I-V of (a) WSe2, (b) WSe2-Sc3N@C80, and (c) WSe2-CdSe at different temperatures
(inset shows the optical micrographs of the devices). As T increases, I also increases due to
thermal excitation of the carriers resulting in a more Ohmic behavior at 298 K.
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Figure 5.8: Logarithmic plot of ln R as a function of 1000/T, where the red lines show the linear
fit of the data. The results suggest aggregation of Sc3N@C80/CdSe on top of the WSe2
nanosheets which is governed by van der Waals interactions in 2D heterostructures.
Table 5.1: Ea and r2 fitting values for WSe2, WSe2-Sc3N@C80, and WSe2-CdSe hybrids for
Region I (60 K-300 K) and Region –II (5.8 K-50 K)

Device

Region I

Region II

(60 K - 300 K)

(5.8 K - 50 K)

Ea (meV)

r2

Ea (meV)

r2

WSe2

1.2

0.915

1.8

0.994

WSe2-Sc3N@C80

0.72

0.912

0.83

0.990

WSe2-CdSe

0.89

0.916

0.94

0.993
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Figure 5.9: Photoresponse of WSe2 and WSe2 hybrid devices. The devices exhibit faster
response time,

rise

~ 110 ms and decay time,

source for WSe2 nanosheets,
ms and

decay ~

rise

decay ~

~ 219 ms and

156 ms upon the illumination of white light

decay

~ 245 ms for WSe2-CdSe, and

rise

~ 158

192 ms for WSe2-Sc3N@C80.

5.2 OPTOELECTRONIC CHARACTERIZATION
For optoelectronic characterization, the devices were illuminated using white light as shown in
Figure 5.9. The photoresponse was extracted from the measurements done in absence of light
(Idark) and in presence of light (Ilight);
time,

rise

~ 110 ms and decay time,

for WSe2 nanosheets,
decay

rise

decay

~ 219 ms and

. The devices exhibit faster response
~ 156 ms upon the illumination of white light source
decay ~

245 ms for WSe2-CdSe, and

rise

~ 158 ms and

~ 192 ms for WSe2-Sc3N@C80. The photocurrent and responsivity were calculated as a

function of incident power in Figure 5.10(a)-(c).
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Figure 5.10: (a)-(c) Photocurrent following the power law dependence as

. This

increment in linearity is a characteristic feature of photocurrent indicating that the minimal
contribution of the Joule heating in the material.
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Figure 5.11: Band diagram illustrating the charge transport between WSe2 nanosheets and CdSe
and Sc3N@C80. When the holes are injected from valence band of WSe2 to HUMO or valence
band of hybrid, the electron density increases in WSe2 and the formation of excitons is promoted.

The photocurrent follows the power law dependence and was found to be 0.01 for WSe2
nanosheets, 0.03 for WSe2-CdSe, and 0.05 for WSe2-Sc3N@C80. The linear characteristic feature
of photocurrent indicates minimal contribution of the Joule heating in the material similar to
bismuth selenide.180 Figure 5.11 shows the band diagram illustrating the charge transport
between WSe2 nanosheets and Sc3N@C80 and QDs. Under illumination, photoexcited carriers
were generated efficiently at the interface of the hybrid and the photogenerated holes are
transferred to endohedral/QD until a photoequilibrium is established. When the holes are injected
from valence band of WSe2 to HUMO or valence band of hybrid, the electron density increases
in WSe2 and the formation of excitons is promoted. Figure 5.12(a)-(c) depicts the temperature
dependency of Iph where Iph decreases for T < 298 K, and both ℛ and D in Figure 5.13(a)-(c) are
decreasing with increasing light intensity, but exhibit saturation at higher power density levels,
whereas Iph is increasing.
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Figure 5.12: Iph as a function of incident optical power P for WSe2, WSe2-Sc3N@C80 and WSe2CdSe at 1V. Iph is decreased with increase in light intensity due to more excitons generation at
high power.
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Figure 5.13: ℛ and D (inset) as a function of incident optical power P for WSe2, WSe2Sc3N@C80 and WSe2-CdSe. As P is increased, ℛ is decreased and the exciton seperations is
difficult.

The ultra-high broadband photoresponse of the WSe2 based photodetectors was also
demonstrated using a tunable laser source with 1 nm of resolution to measure the photoresponse
as a function of wavelength from 400 nm to 1100 nm source in 100 nm increments in vacuum.
Figure 5.14(a)-(c) shows the Iph, ℛ and D varied over the 400 nm to 1100 nm spectral range at
VDS ~ 1 V which covers the entire spectral regime from the UV to the near-IR. The EQE is
shown in Figure 5.14(d) as a function of λ, where EQE varies from 2.8 x 103 to 2.4 × 102 within
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the 400 nm–1100 nm range for WSe2-Sc3N@C80. In contrast with photovoltaic cells, when VDS
is applied in photodetectors, the EQE can be higher than 1 due to the external electric field
contributing to extend the lifetime of the photogenerated carriers so more than one electron-hole
pair is generated per incident photon.

Figure 5.14: (a) Iph, (b) ℛ, (c) D, and (d) EQE of WSe2, WSe2-Sc3N@C80, and WSe2-CdSe as
a function of laser wavelength (400-1100 nm) at room temperature. The devices were
responsive and shows high responsivity of ~ 104 A/W for WSe2-Sc3N@C80. The detectivity and
EQE of the hybrid device and was found to be ~ 1011 Jones and 103 (%) for WSe2-Sc3N@C80
hybrid.
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5.3 CONCLUSION
In summary, we have demonstrated a simple 2D material and 0D hybrid architecture to possess a
broadband photoresponse with high performance. The devices exhibit high responsivity due to
electron injection and the absorption from the charge transport within the material. The
photodetector can respond to a wide spectral range from visible to near infrared because of the
absorption properties of the WSe2 nanosheets and 0D material. The simple architecture also
ensures a great flexibility for the realization of high-performance photodetectors in other spectral
ranges, such as mid-wavelength infrared and long wavelength infrared, by appropriate choices of
transport channels.
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Chapter 6. Summary and Future Work
This work shows the realization of 2D-0D hybrid photodetectors with ℛ for the C60-graphene
and Sc3N@C80-graphene hybrids was 10 times higher structure and for WSe2 the ℛ was 102
times higher compared with reported device performance with similar hybrid structure (see Table
1.1) over a broad wavelength range from 400-1100 nm. To the best of our knowledge,
integrating 2D and 0D hybrid materials using electrophoretic deposition technique and showing
broad-spectral region is new approach which was not attempted previously, and this work clearly
demonstrates the advantages of such low-dimensional hybrid architectures to synergistically
enhance the optoelectronic properties of devices constructed using van der Waals solids. These
detectors may find applications in ultrahigh-speed CCDs, cameras for tracing chemical diffusion
in individual cells, for detecting missiles in defense applications which require IR detectors, in in
the field of astronomy, where the range of wavelengths studied extends from the far-IR at
hundreds of microns to cosmic ray photons with 1020 eV of energy and wavelengths of 10-20
µm, a range of 22 orders of magnitude.
In the future, 0D and 2D material hybrid device can be extended to use as a sensitive
gate-tunable photodetectors and optical switches, which will provide a promising groundwork
for the future development of 0D and 2D hybrid based high-performance optoelectronic devices.
A typical device architecture can be field-effect transistor (FET). In such a hybrid transistor, the
photodetection mechanism will rely on the high sensitivity of the electrical conductivity of 2D
materials to the local change of the electric field, resulting from the photoexcited carriers
produced in the underlying electrically gated, undoped semiconductor substrate. The device can
be expected to maintain a long-term stability and a good reproducibility of the photoresponse for
a series of repeated laser on/off switching. For graphene synthesis, it was observed that graphene
growth is influenced by impurities present in the substrate, and low impurity gases. To get a
deeper understanding of the synthesis, more work needs to be done. Some ideas could be a deep
study to see the effect of low and high purity gas assisted graphene growth by varying the growth
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parameters such as pre-treatments, annealing time, growth time, flow rate and pressure. The
statistical design-of-experiments method should be employed, as it is more efficient in order to
study two or more factors that vary simultaneously, while keeping the number of experimental
runs to a minimum.
Table 6.1: Photodetectors using hybrid based on 2D-materials from previous reports
2D
Material
SLG
SLG,
BLG

Hybrid

λ (nm)

Bias
(V)

ℛ at RT
(A/W)

D (Jones),
EQE (%)

τr (ms)

τd
(ms)

Ref.

PbS QDs

White light
532, 1050,
1600

0.001

∼ 2.8 x 103

-

-

-

135

5

∼ 5 x 107

D ∼1013

10

20

114

PbS QDs

635

0.1

5 x 108

-

-

-

155

SLG

Few-layer
MoS2
ZnO QDs

325, 445

0.001

∼ 104

-

-

-

74

SLG

C60

White light

0.01

-

-

SLG

WSe2

-

650

60

∼ 10

5
5

-

-

156

D ∼ 10

14

>5000

5000

181

D ∼ 10

13

7

480

115
This
work
This
work
This
work
This
work
This
work
This
work
This
work
This
work
This
work
This
work
This
work

952
White
light

1

∼ 10

1

∼ 109

D ∼ 1015

2.3

2.9

C60

400

1

∼ 109

D ∼ 1015,
EQE ∼ 109

-

-

FLG

Sc3N@C80

White
light

1

∼ 109

D ∼ 1015

1.8

2.7

FLG

Sc3N@C80

400-800

1

∼ 109

D ∼ 1015,
EQE ∼ 109

-

-

FLG

La@C82

White
light

1

∼ 108

D ∼ 1014

2.9

3.2

FLG

La@C82

600, 1000

1

∼ 108

D ∼ 1014,
EQE ∼ 106

-

-

WSe2

-

White
Light

1

∼ 102

D ∼ 1011

110

156

WSe2

PbS QDs

MLG

C60

MLG

11

WSe2

-

400-1100

1

∼ 102

D ∼ 10 ,
EQE ∼ 102

-

-

WSe2

AuNP

White
Light

1

∼ 102

D ∼ 1012

148

235

12

WSe2

AuNP

400-1100

1

∼ 102

D ∼ 10 ,
EQE ∼ 102

-

-

WSe2

C60

White
Light

1

∼ 103

D ∼ 1013

160

210
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Table 6.1: Photodetectors using hybrid based on 2D-materials from previous reports (continued)
2D
Material

Hybrid

λ (nm)

Bias
(V)

ℛ at RT
(A/W)

D (Jones),
EQE (%)

τr (ms)

τd
(ms)

WSe2

C60

400-1100

1

∼ 103

D ∼ 1013,
EQE ∼ 102

-

-

WSe2

Sc3N@C80

White
Light

1

∼ 104

D ∼ 1014

158

192

WSe2

Sc3N@C80

400-1100

1

∼ 104

D ∼ 1014,
EQE ∼ 104

-

-

WSe2

CdSe-QDs

White
Light

1

∼ 103

D ∼ 1013

219

245

WSe2

CdSe-QDs

400-1100

1

∼ 103

D ∼ 1013,
EQE ∼ 103

-

-
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Ref.
This
work
This
work
This
work
This
work
This
work
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Appendix I. Electrophoretic Deposition

Figure A.I.1: Electrophoretic set-up Image.

Figure A.I.2: LabView program and configuration of SMU channels.
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General Instructions:
 The cables are labeled according the SMU unit in which is connected.



For low noise levels measurements do not use the micromanipulators with curly cables.



For low noise level and high voltages use SMU1 and SMU2 since those have connected
low noise triaxial – BNC adapters.
Verify all the SMUs are conncted properly.
Contact probe tips in dry samples.
If necessary clean probe tips after use with wipes and methanol in downward direction to
prevent accidents.





Procedure:
1. Turn on HP 4156A and laptop (the on button on the laptop is located in the top-left
position).
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2. Open Labview software from desktop icon
3. Turn on vacuum pump.

Vacuum
hose
4. Lift up probe tips with Z knob clockwise and move micromanipulators to clear chuck by
pressing the vacuum valve.
5. Turn on the Keithley 2400 sourcemeter.
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6. Place sample in the middle of chuck.

Vacuum
source

Screw and
handle

7. Turn on vacuum toggle switch to hold sample.

8. Turn on light source. The instrument does not have any on button, it is only necessary to
turn on vacuum pump and the light source.
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9. Center sample with chuck knobs.
a. The front knob clockwise moves the chuck to the front and vice-versa.
b. The right knob clockwise moves the chuck to the right and vice-versa.
c. The chuck can be rotated by unscrewing and moving the handle0
10. Focus under the microscope.
Chuck to close and
open light on camera
/ left eyepiece
Focus
knob
Magnificatio
n

Light source

11. Position the micromanipulators in a comfortable area by pressing the vacuum valve
12. By naked eye bring probe tips near the sample contacts
13. By using the microscope place the probe tips in top of the contacts
14. Slowly move down the probe tip until it slides on the surface.
Measurements:
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In the laptop with the Labview opened, there are 2 options:
1. The control of the HP4156A from the computer “Sweep 4156A.vi”
2. The control directly on the Analyzer and acquire the data with the Labview interface
“Acquisition 4156A – wo single run.vii”. This program is for the electrophoretic
deposition.

 Select “Sweep 4156A” to do sweep measurements.
Note: The default parameters are set to run with 2 point measurements, SMU1 and SMU2 with
200 points of a voltage sweep from -1 to 1 V and a compliance current of 100mA.
 The maximum voltage is ±20 V.
 Maximum compliance 100mA.
 For two probe measurement you can modify Start, Stop, and Step defaults.
 To prevent burn the sample reduce the compliance current.
Steps:
1.
a.
b.
c.
d.
e.

For electrophoiretic deposition, follow the steps below:
Verify the SMU cables connected on your device under test (DUT.)
Click on Run continuously.
If the default setup works for your measurement go to step 1.7.
Select the desired SMU, variables, mode and function in Channel Definition section.
Enter the desired range of the variables, the increments and compliance current in Sweep
Setup section.
f. Enter the variables to plot in 2 which must match with the ones set in the previous step
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g. Click on Run program in 3.
h. Once verified the connection click on the checkbox in 4 to save the file.
i. Run again. Enter file name including the extension (*.txt, *.xls, or *.cvs) and save it.

Figure A.I.3: Program interface. Acquisition and saving data in text file.
2. Select “Acquisition 4156A – wo single run” to acquire a run manually set in the HP 4156A.
a. Set all the parameters in the HP 4156A and run the measurement.
b. Once it is verified connection select the variables to extract from the analyzer in the
interface in 1.
c. Click check box 2 to enable save file option.
d. Click on single run with the button 3.
e. Save the file adding the extension as in previous case.
f. It is optional to plot a second graph with different variables following the same steps.
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3
3
3

1

2
Figure A.I.4: Program interface 2.
Capture image from microscope

1. Open Moticam software from the Desktop
2. Click on Capture button.

3. If the scale bar in image is desired:
3.1. Load the calibration settings by clicking the tools tab 1, the corresponding preset from
the list in 2 to the zoom in the microscope, load button 3, checkbox 4, button of settings
5.
3.2. Select the desire settings of scale bar.
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4. Click on capture tab 1 and click on capture button.

5. Capture all the desire images repeating these steps.
6. To save files return to Motic Images Plus window.
7. Select the image, fit it by right click -> fit to window option.
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8. Click on Save button and modify to standard extension to *.tif, *.jpg or *.bmp.
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Appendix II. Temperature Dependent Raman Set-up

Figure A.II.1: Raman set-up image.
Important Instruction: Always reserve in Raman reservation system in advance for use
(http://utep.bookmylab.com/users/login.php)
1. RAMAN OPERATION
1.1. Starting up the system
1.1.1. Check if everything is TURNED OFF and no sample on the sample stage
1.1.2. TURN ON the laser source by placing the key from 1 to 2 position as shown below.

1.1.3. Wait for 5 seconds, then press the ENABLE button (3) on the laser source (see arrow).

1.1.4. TURN ON fiber optic light source (4).
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1.1.5. TURN ON the COMPUTER (5), see arrow in the image below for the power switch.

1.1.6. Log In to your user account in the computer.
1.1.7. Open LabSpec6 program (see icon in the image below).

1.1.8. Log In to your LabSpec6 account.

1.1.9. If you see a pop-up showing “XY calibration” as below, HIT Cancel button.

1.1.10. You have finished Starting up process.
1.2. System calibration
1.2.1. Check the LabSpec6 status bar, if AC (see image below) is RED color then you need
calibration, if it’s GREEN color then you don’t need calibration
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1.2.2. Place X10 lens to the microscope slot

1.2.3. Place reference sample (Si: peak 520.7 cm-1) on top of the glass slide holder, under
microscope. See images below

1.2.4. Run “Start video acquisition
)” and go to video tab and adjust light intensity
accordingly until your sample is visible in the monitor

1.2.5. Use joystick (left, right, up, down) to position your sample measurement area

1.2.6. Focus sample using X10 lens first and then with X100 lens respectively (do not touch
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Vernier focus nob, use joystick (rotate) or manual large scale focus nob to move stage)

1.2.7. Click “Stop all
measurement area

)” button, once you are happy with sample focus and

1.2.8. Set the laser ND filter to 100% and TURN ON the laser by clicking to “Laser Off”
button at the status bar, it will change to GREEN color and “Laser On” as shown
below

1.2.9. Click to the RED color AC button at the status bar followed by “All lasers/gratings”
in the pop-up window as shown in the following images

1.2.10. Do not touch the system until (5 to 10 min) you see “auto calibration finished”
window and AC button at status bar should turn to Green color as shown below

1.2.11. Enter 520.7, and hit Enter at “Acquisition > Acquisition parameters > Spectro
(cm-1).
1.2.12. Use line cursor function to see peak position under spectra tab
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1.2.13. If the peak positions are not coming close to 520.7, then go to “maintenance >
instrument calibration > Offset shift” tab as shown below

1.2.14. Type a value lower or higher (do not change more than 5 at a time) than the existing
value shown in the above red box to shift the peak position towards left or right
respectively. You don’t need to hit enter, just type in the new value & peak will
shift. DO NOT CLICK ANYWHERE ELSE HERE
1.2.15. When the peak position comes very close to 520.7 cm-1 then you have finished your
system calibration and the system is ready to measure your samples.
1.2.16. Change the lens back to X10 and carefully remove the reference sample. Place it back
to the designated reference sample box.
1.3. Raman Measurement
1.3.1. Perform section 1.1 (starting up the system) completely
1.3.2. Check the LabSpec6 status bar, if AC (see image below) is RED color then you need
calibration, if it’s GREEN color then you don’t need calibration

1.3.3. Follow section 1.2. (System calibration) of this document for system calibration.
After calibration, the status bar should look like this (Green color)

1.3.4. Do not perform Raman measurements without calibration (if AC is RED)
1.3.5. Make sure you have X10 lens under the microscope.
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1.3.6. Place sample on top of the glass slide holder, under microscope.
1.3.7. Click “video start acquisition button” then go to video tab and adjust light intensity
accordingly until your sample is visible in the monitor.

1.3.8. Use joystick (left, right, up, down) to position your sample’s measurement area

1.3.9. Focus sample (do not touch Vernier focus nob) using joystick (rotate) or manual large
scale focus nob to move stage

1.3.10. Click “Stop all
)” button, once you are happy with sample focus and
measurement area, then turn off fiber optic light source.
1.3.11. Go to “Acquisition > Instrument setup” tab and make sure you have the following
settings:
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You can change Objective to X10, X50, and X100 depending on the lens under
use.
You can change Grating from 600 gr/mm to 1800 gr/mm to increase
resolution, but intensity counts (Y-axis of Raman) will decrease and
measurement time will increase significantly.
The measureable intensity counts range is between 2,000 to 65,000. High
signal to background ratio will happen below 2,000 and no measurement is
possible above 65,000.
You can reduce ND Filter value, if your intensity counts is too high (>65,000)
or if your sample got burned with 100% ND Filter.
Do not change other parameters if not required specifically.

1.3.12. Go “Acquisition > Acquisition parameters” tab & make sure to have following setup



-1

For Raman measurement, make sure you have cm

written next to the
-1

“Spectro”, If not then click on that text “(??)” and select cm

1.3.13. You must know the peak position of your sample’s maximum intensity peak. Put
that value next to the Spectro”, and press Enter button on the keyboard. For this
example, we are using Si, therefore we have to put the value 520.65 (see image
below).

1.3.14. Click to “Start Real Time Display RTD” on the top bar (

1.3.15. You should see your Raman signal in the graph.
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) and go to spectra tab

1.3.16. Keep your maximum peak intensity counts between 2,000 to 65,000 by changing
“Instrument setup” parameters (Objective, Grating, ND Filter only).

1.3.17. Once you are happy with the intensity counts then go to “Acquisition > Acquisition
parameters” tab and put the desired measurement “Range” for your sample. In this
case we are putting 400 to 650 as shown below.

1.3.18. Click to “Start spectrum acquisition”

), to measure your Raman data

1.3.19. You can change “Acq. Time (s)” and “Accumulation” (in “Acquisition >
Acquisition parameters” tab see below) to change intensity counts, signal to noise
ratio, and resolution. However, your measurement time will be increased significantly.
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1.3.20. After measurement, save data by clicking “Save as data” icon (

) on the top bar.

1.3.21. Select your folder location in your account, write file name, and select Save as type
as showing below. You can choose “.l6s” to save data in LabSpec6 version or use “.txt”
to save in text version.

The 1st column of the data will be Raman X axis and 2nd column will be Raman Y
axis.
1.3.22. Measurement region can be changed by following section 1.3.6. to 1.3.20.
1.4. Sample Replacement
1.4.1 Make sure to change microscope lens to X10

1.4.2

Remove current sample carefully from sample stage and replace with new sample (if
any) (do not hit lens with anything).
1.4.3 Perform measurement as necessary by repeating section from 1.3.6. to 1.3.23.
Turning OFF the system:
1.4.4 TURN OFF the laser source by placing the key back to 1 from 2 position as shown
below
164

1.4.5 Take you data from computer using USB port and shut down.
1.5. Temperature dependent Raman Measurement
1.5.1. Temperature dependent Raman Measurement set-up is shown below.
1.5.2. The sample stage should be changed from Normal mode to Temperature mode as
shown below.

1.5.3. All of the temp dependent Raman setup (THMS600 Linkam System) kept on the desk
as shown below.

1.5.4. Take out THMS600 Linkam System toolbox all associated tools kept inside the box as
shown below.
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1.5.5. When heating the stage above 300°C for a prolong period of time, the metal casing body
of the stage can get quite hot. Connect the tubing as shown in the opposite picture.

Note: If you have an LNP95 Liquid Nitrogen Cooling system, the tubing from the
Dewar must not be connected to the THMS600 stage when heating above 300°C. The
thin black capillary tube will melt inside the heater and damage it.
1.5.6. Open stager lid as shown below.

1.5.7. The THMS/CC sample holder (1), is to load samples on disposable 16 mm glass cover
slips.

1.5.8. Open the side door of the stage by unscrewing the thumbscrew and carefully push the
THMS/CC and crucible into the XY slide mechanism. The crucible will be guided to the
surface of the silver block by the Sample Holder Ramp. Close the door and tighten the
thumbscrew to seal the stage.

1.5.9. THMS/CC Crucible Carrier and Stainless Steel Ring:
The THMS/CC should not make contact with the surface of the silver block and should
be suspended a few millimeters above it. Place the Stainless Steel Ring (1) within the
THMS/CC. Tap the edge of the ring lightly to ensure that it has dropped through the
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aperture of the THMS/ CC and sits properly on the surface of the silver block. It is
critical that the ring is able to move freely inside the aperture of the sample holder and
sit flat against the surface of the silver block.

1.5.10. Use the vacuum tweezers or a pair of tweezers as shown and place a 16mm glass cover
slip (2) into the stainless steel ring. Tap the edges lightly to ensure that it sits flat against
the surface of the block. If the cover slip does not sit perfectly flat against the temperature
controlled surface the heat flow will be compromised and the sample temperature will be
significantly different to the displayed temperature. The Stainless Steel Ring is used to
push the 16 mm cover slip around the surface of the block when using the XY
manipulators.

1.5.11. Using a pipette or tweezers place the sample on the 16mm cover slip. Ensure that the
sample is as small as possible and that it is as flat as possible. Heat flow into or out of the
sample is affected by the amount of sample area in contact with the temperature
controlled cover slip. Place a second 16 mm cover slip on top of the sample to create a
flat surface for the microscope lens to focus on. Accurate temperatures can be obtained
by keeping the sample as small and flat as possible.
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1.5.12. Close stage lid as shown below.

1.5.13. Remove Glass slide from the top of the Raman stage as shown below.

1.6. Measurement above 300 ºC
1.6.1. Connect water cooling flow and place the temp stage on the Raman stage as shown
below.

1.6.2. Connect Linkam electrical connection to the temp stage as shown below.

1.6.3. Turn ON Linkam temperature controller switches (2 switches near Blue LED as shown
below).
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1.6.4. Perform section 1.1 (starting up the system) completely.
1.6.5. Check the LabSpec6 status bar, if AC (see image below) is RED color then you need
calibration, if it’s GREEN color then you don’t need calibration

1.6.6. Follow section 1.2. (System calibration) of this document for system calibration. After
calibration, the status bar should look like this (Green color)

1.6.7. Do not perform Raman measurements without calibration (if AC is RED)
1.6.8. Make sure you have X10 lens under the microscope slot.

1.6.9. Focus to your measurement region.
1.6.10. Open Linkam tab (Acquisition > Linkam) and keep the following setting as shown.
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1.6.11. Put desired temp at Temp. (°C) box and click triangular button as shown below.

1.6.12. Once the temp reach to set value. Measure Raman of your sample.
1.6.13. You can change to another temperature and perform Raman
1.6.14. Once you finish your Raman measurements, TURN OFF the laser source by placing the
key back to 1 from 2 position as shown below.

1.6.15. Click to “Free” button as shown below to take the stage temp to ambient temp
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1.6.16. Bring the microscope lens far up from the temp stage by turning the focus nob.
1.6.17. Bring down the Temp stage down from the Raman sample stage.
1.6.18. Take out your sample from Temp stage by following section 1.4.5 to 1.4.14 in reverse
order.
1.6.19. Turn OFF the water pump (if used) first and then take off the all the connected tubes
and dump water from all the places
1.6.20. Put back all the temp measurement accessories to the designated places.
1.6.21. Turn off Linkam temperature controller power switch.
1.6.22. Take you data from computer using USB port and shut down.
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Appendix III. CVD Process Set-up
1.1 The Safe Use of “Furnace MTI OTF-1200X-60SL”

1.1.1 Purpose
CVD systems are used for the synthesis of nanomaterials. The reaction chambers of these
CVDs are quartz tubes, which are used to accommodate substrate and precursors. The
center heating zone is capable of operation at temperatures up to 1200 oC, and the heating
rate and temperature profile can be programmed by a digital temperature controller. The
system can be operated in the pressure range of 4 mTorr to atmospheric pressure.
1.1.2 Hazard Information
Leak of process gases can result in fire and chemical exposure. User contact with hot
surfaces can result in burns.
1.1.3 Protective Measures
Hazard 1: There is a chance of gas leakage if the user fails to get a good sealing of the
loading chamber. The process gases that may be involved include argon, nitrogen and
hydrogen.
1. Make sure that the CVD system is leak tight during the pump-fill cycles before

switching to process gas.
2. Ensure the system is in vacuum. If the pressure is not reaching the set value, then
there is a leak. Contact the Super-user for further course of action.
Hazard 2: High temperature reaction.
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• DO NOT change the position of thermocouples during the experiment.
• Double check the temperature setting before the experiment, and monitor the temperature
during the reaction.
• DO NOT take out the boats before the tube has cooled down (below 50 °C).
Hazard 3: Vacuum system
• DO NOT pressurize the system beyond atmospheric pressure.
• Double check the pressure controller setting before the experiment. If the pressure
exceeds the set value, it may damage the valve.
• Monitor the gas flow rate and pressure of the reactor during the reaction
Engineering Controls
• In case of leak, switch off all gas supply and contact super-user.
• Switch off the power supply for CVD systems.
• Be careful while opening and closing the lid of the furnace.

1.2 Procedure
1.2.1 Loading of Sample
Open the vent valve,and then open the flanges and load the sample on alumina boat.
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1.2.2 Annealing Cu foil
(a) Turn on vacuum pump.

(b) Open the knob.

(c) Turn on Pressure guage.

(d) Turn on the chiller.
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(e) Wait until the chiller temperature reaches 15 ºC.
(f) By the time the pressure in the furnace will reach 4 mTorr.
(g) Then open the valve next to the pressure guage to do vacuum until the MFCs.
(h) Wait for 5-10 min and then Turn ON the respective valves for gases (H2 and Ar).
(i) Wait until pressure reaches 4mTorr.
(j) Set the temperature controller for annealing the sample using temperature
controlling system.

Steps to follow
1. Press “←” once to display “C01” on PV window;
2. Set initial temperature to 0 ºC by using Keystrokes :“←”, “↑” or “↓”;
3. Press “Set” to display “t01” on PV window;
4. Set heat-up time (Usually beyond 30 minutes for this segment in case of
temperature overshooting) from initial temperature to target temperature by using
Keystrokes :“←”, “↑” or “↓”;
5. Press “Set” to display “C02” on PV window; Set the actual working temperature for
the second segment by using Keystrokes :“←”, “↑” or “↓”;
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6. Press “Set” to display “t02” on PV window; Set heat-up time from initial
temperature to target temperature by using Keystrokes :“←”, “↑” or “↓”;
7. By pressing “Set”, you can get into the following
(C03&t03;C04&t04;C05&t05…) for temperature and time setting;

segments

8. Press “Set” to display “Cxx” on PV window (xx could be any values among
01~30);
9. Press“←”, “↑” or “↓” to set “-121” in the last segment in order to shut down the
furnace;
10. Press “←” once to display “C01” on PV window;
11. Set initial temperature to 0 ºC by using Keystrokes :“←”, “↑” or “↓”;
12. Press “Set” to display “t01” on PV window;
13. Set heat-up time (Usually beyond 30 minutes for this segment in case of
temperature overshooting) from initial temperature to target temperature by using
Keystrokes :“←”, “↑” or “↓”;
14. Press “Set” to display “C02” on PV window; Set the actual working temperature for
the second segment by using Keystrokes :“←”, “↑” or “↓”;
15. Press “Set” to display “t02” on PV window; Set heat-up time from initial
temperature to target temperature by using Keystrokes :“←”, “↑” or “↓”;
16. By pressing “Set”, you can get into the following
(C03&t03;C04&t04;C05&t05…) for temperature and time setting;

segments

17. Press “Set” to display “Cxx” on PV window (xx could be any values among
01~30);
18. Press“←”, “↑” or “↓” to set “-121” in the last segment in order to shut down the
furnace
(k) Open the gas valves.
(l) Open the gas tanks.
(m) Open the labview program and click on Real-time flow.
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(n) Name the gases as Ar and H2 and set the flow rate.
(o) Click on Set-up.
(p) Click on Run program.
(q) Picture below shows an example of the annealing process.
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(r) After the process is completed, follow the procedure above in reverse order for
closing the lines. Also do not forget to close the chiller.
(s) When the vacuum pump is closed, unload the sample using same procedure as
discussed in 1.2.1.
(t) Vacuum the whole system until the pressure guage pressure reaches 4 mTorr and
then close the valve, and the pump.
1.2.3 Graphene Synthesis
(a) Use the same procedure for loading the sample.
(b) Now you need to open the CH4 valve also.
(c) Below is an example of graphene growth.

1.2.4 Graphene Transfer : The process is discussed in Chapter 1.
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